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NOTATION 
General 
B isotropic temperature factor 
è diffusion coefficient 
e.m.f,E electromotive force 
f.c.c. face centered cubic 
fj atomic scattering factor of atom j 
F, structure factor 
G Gibbs free energy 
hkl Miller indices 
i 
I intensity 
I.D. internal diameter 
specific rate constant 
Lp Lorentz and polarization factor 
MP melting point 
O.D. outer diameter 
P pressure 
R universal gas constant 
s specific entropy 
S entropy 
T temperature 
V specific volume 
V molar volume 
partial molar volume of A 
x,y,z Cartesian coordinates 
Greek 
anisotropic temperature factor 
AF change in value of F 
0 Bragg angle 
X wavelength 
M chemical potential 
Units 
atm atmosphere 
o 
A angstrom 
b bar 
°C degree Centigrade 
Kb kilobar 
KVA kilovoIt-ampere 
mv millivolt 
psi pounds per square inch 
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CHAPTER I. INTRODUCTION 
The Study of solids and their properties at high pressure 
is a relatively new area of research interest. Temperature 
effects can also be investigated in conjunction with high 
pressure effects, or the temperature can be held constant 
(usually at room temperature). Starting in the early fifties 
research in this area accelerated to a point where there are 
now approximately three hundred laboratories worldwide (1). 
The types of devices are quite varied and can be of either a 
static or dynamic nature. Since this research work deals with 
a high temperature static device, only these types will be 
considered. 
High temperature static devices fall into four general 
classes which are: piston-cylinder, multi-anvil, belt, and 
opposed anvil. 
The piston-cylinder is by far the most common high pres­
sure apparatus. The cylinder contains a bore into which a 
sample and furnace assembly is placed. A piston is placed 
on one end of the sample. The other end is close ended with 
either a plug and back up plate or another piston. A force 
is then applied to the piston or pistons, and pressure is 
generated in the solid sample. Materials of construction 
are limited to tungsten carbide with a 3-6 per cent cobalt 
binder. Boyd and England (2), Boyd (3), Hall (4), Coes (5), and 
2 
Vaidya and Kennedy (6) have designed devices of this type. 
The maximum pressure generated in a piston-cylinder is on 
the order of 50 Kb^ for unsupported pistons. By surrounding 
the piston with a material also under pressure this limit 
has been extended to 100 Kb. A piston-cylinder device of 
this sort is called a multistage press. Boyd in (1, 7) used 
potassium bromide as the supporting medium, Giardini et al. 
(8), Tydings and Giardini (9) pyrophyllite (a hydrous aluminum 
silicate also called lava), and La Mori (10) bismuth. The 
maximum temperature is limited only by the experimental design 
of furnaces. The most common method is the resistance heating 
of a metal or graphite capsule. Temperatures in this case 
are on the order of 2000 ®C. 
Multi-anvil devices include the tetradedral, cubic, and 
octahedral. Pressures are generated in a tetrahedral press 
with four triangular pistons arranged along the axes of a 
tetrahedron. Maximum pressure is approximately 100 Kb. The 
sample is inserted into a lava tetrahedron and heated with a 
graphite cylinder to 2000 °C. Extrusion of the lava gaskets 
and prevents fracture of the piston. In this manner, a greater 
pressure-applied load ratio is developed than for the piston-
cylinder. This device is due solely to H. T. Hall (4). The 
cubic press consists of six pistons which compress a sample 
^1 Kb = 1000 bar = 986.92 atm. 
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contained in a cube of some nearly hydrostatic pressure medium, 
usually lava. The maximum operating pressure is on the order 
of 120 Kb. The temperature can be raised to 2000 °C by re­
sistance heating the sample- The Swedish group at ASEA (11), 
the Russians (11, 12), and the National Bureau of Standards 
(13) have designed apparatus of this sort. The most recent 
development in high pressure technique is the octahedral 
press. Eight pistons are used to compress an octahedron. 
Each piston is cut to form a sphere on its outermost edge 
and the innermost edge is truncated to form the octahedron. 
This device differs from most of the others in that the 
sphere is placed inside an autoclave and a uniform pressure 
applied on the sphere to compress the sample to a maximum 
pressure of 800 Kb. Resistance heating is used to apply 
temperatures up to 2000 ®C. Kawai (14) is responsible for 
this design, but his reported values of pressure are under 
question. 
The belt apparatus contains two conically tapered pistons 
which compress a sample contained in a belt, a hemispherically 
holed core. The pistons are gasketed by a metal-lava sleeve 
to prevent fracture. The General Electric diamond synthesis 
was developed using this device. Hall in (11) describes 
the details of this patented apparatus. 
In general, opposed anvil devices are heated externally. 
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The sample is compressed between two truncated, cone shaped 
anvils. Griggs and Kennedy (15) used a split cylindrical 
furnace, but this severely limits the life of the pistons. 
Since the entire assembly is heated along with the sample 
container, piston failure occurs at 20 Kb if the temperature 
exceeds 1000 °C. Minomura, Ito, and Okai (16) used an 
ingenious method of internal heating in the opposed anvil 
to generate temperatures exceeding 2000 °C at 191 Kb, al­
though the sample volumes were miniscule. 
Due to the development of shear in solids, the applied 
pressure and sample pressure are not the same, the applied 
pressure being larger than the sample pressure. Specific 
elements and compounds exhibit a well-defined phase transfor­
mation at a given pressure and temperature. These materials 
are chosen as standards, and are assigned a pressure of 
transition based on comparison of data from several sources. 
These transitions are observed as a change in volume and/or 
resistance. Particularly useful in this regard are the 
room temperature transitions of potassium bromide at 18.4 
Kb, bismuth I at 25.3 Kb, bismuth II at 26.8 Kb and thallium 
at 37.0 Kb. In this manner, a calibration plot of sample 
pressure versus applied load can be constructed. 
Temperature is measured with thermocouples of platinum 
anrt i nm r>T" -t-linrrs-l-on anfA -rVioninm. 'Dl at-i mim/ni a-l-i nnrn—1 04 
rhodium (Pt/Pt-10%Rh) can be used up to 1750 °C with an accuracy 
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of + 0.5 ®C, while tungsten-3% rheniuin/tungsten-25% rhenium 
(W-3%Re/W-25%Re) can be used to 2400 ®C with a reduced 
accuracy of + 9.0 ®C. An additional problem at high pressure 
is that the pressure can affect the e.m.f. reading in a 
complicated manner. By measuring a single wire e.m.f. at a 
set temperature, one portion of the wire under pressure 
and the other at atmospheric pressure. Getting and Kennedy 
(17) determined e.m.f. corrections for a Pt/Pt-10%Rh thermo­
couple. Once the temperature has been measured, the power 
input to the furnace can be recorded also. This can be used 
for a power calibration curve if one does not wish to use 
thermocouples. The accuracy is much lower, being only 1 to 
2 per cent. 
The purpose of this research is twofold. The first 
phase is concerned with the design, construction, and testing 
of a piston-cylinder of the Boyd and England type. The second 
phase involves synthesis of the metal rich chalcogenides (to 
be defined) under pressure. 
6 
CHAPTER II. BACKGROUND AND LITERATURE REVIEW 
The Thermodynamics and Kinetics of High Pressure-High 
Temperature Chemical Synthesis 
Pressure is a fundamental intensive quantity which 
strongly influences the properties of materials. The pressure-
volume-temperature relationships of substances are studied 
to determine their thermodynamic properties. The phase 
diagrams of materials show a strong pressure influence. The 
composition of the earth's crust is dependent on pressure, 
and it has been possible to simulate depths of 300 kilo­
meters corresponding to 100 Kb with static devices (see for 
example Newton (18)}. Chemical synthesis at high pressure 
has led to heretofore unknown structures. 
A theoretical basis for chemical synthesis relies on 
thermodynamic and kinetic principles. The thermodynamics of 
the process are controlling when the kinetic effects are 
negligible. For a given conversion of reactants to products, 
the thermodynamics of the reaction establish an equilibrium 
pressure and temperature for the synthesis. However, even 
though the equilibrium might be favorable, the rate of forma­
tion of the product can be severely limited by the kinetics 
of the process. 
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Thermodynamics of high pressure-high temperature chemical 
synthesis 
The effect of high pressure on the chemical potential, 
Vi/ of a pure component at constant temperature is given by 
dy = vdP, 2.1 
where v is the molar volume. Typical values of v for 
liquids and solids range from 1 to 100 cc/mole. If the pres­
sure is raised from 1 to 100 b and the average value of v 
is 100 cc/mole in this pressure range, the change in the 
chemical potential would be 6.006 calories. For a pressure 
increase from lb toi Kb with the same average value of v, 
the change in chemical potential is 6.061 kilocalories. Hence 
pressures in the kilobar range can begin to effectively alter 
the chemical potential from its value at 1 b. 
Consider the reaction of reactants A, B, ... to form 
products L,M,... expressed by: 
aA + bB + ... IL + mM + ... 2.2 
The reaction equilibrium depends on the value of the total 
Gibbs free energy change, AG^^. AG^^ is given by: 
AGpx = Iw^ + mwg^ + ... -ay^ - by^ - ..., 2.3 
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where refers to the chemical potential of species i. If 
is zero, equilibrium will occur. For less than 
zero the reaction will proceed spontaneously to the right, 
and for AG^^ greater than zero the reaction will proceed 
spontaneously to the left. To determine the equilibrium 
point at a specified conversion level, it is necessary to 
find the P-T value at which AG^^ is zero. If the values of 
Gj. = ay^ + bMg + ... and G^ = ly^ + my^ + ... are plotted 
versus temperature amd pressure, the intersection of these 
curves will determine the equilibrium point. Since the 
reactants are unstable relative to the products or vice 
versa at temperatures not equal to the equilibrium tempera­
ture, the thermodynamic data for the unstable components 
must be available from studies of these materials under 
conditions of metastability. Although the condition of meta-
stability is an equilibrium state, it is an unstable 
equilibrium and is easily destroyed. By being very careful 
not to introduce any disturbances into the system, it is 
possible to measure properties of the metastable state for 
a substance. It will be assumed that the data for the meta­
stable state are available in the treatment which follows. 
If Gp and G^ are plotted as a function of temperature 
at constant pressure and composition, a plot similar to 
Figure 1 might result. The dazhcd linss rafer Lo tué meta­
stable extension of the reactants or products from the 
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Figure 1. Plot of Gibbs free energies of the reactants and 
products versus temperature at constant pressure 
and composition 
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equilibrium point. The slope of and G^ is determined by 
-IS^-mS^ ... and -aS^-bS^ -... respectively, since at 
constant pressure and composition 
dy^ = -S^dT . 2.4 
is the partial molar entropy of component i. It could 
be expected that the value of is continuous in a region 
with no phase transitions. From Figure 1 it is evident 
that three regions of reaction stability occur at constant 
pressure and composition: 
T < Tg Reactants stable; products unstable 
T = Tg Reactants and products in equilibrium 
T > Tg Reactants unstable; products stable. 
A similar procedure can be used to plot G^ and G^ at 
constant temperature and composition as a function of pressure. 
In this case the slopes of G and G are determined by p r •' 
IV^+mV^ +... and aV^+bV^ +... respectively, since at constant 
temperature and composition 
d^i = Vj^dP. 2.5 
refers to the partial molar volume of component i. is 
normally continuous in a region with no phase transitions, so 
that a plot of G and G versus P similar to Figure 1 might 
also result. The same three regions of stability with respect 
10b 
to an equilibrium pressure, P_, would occur, 
£ 
Thus the pressure and temperature can be varied to ob­
tain any desired conversion. One could easily conceive of 
a situation where the P-T curve defining the equilibrium 
lies in regions of only high temperature and high pressure 
for all values of composition. It would then be impossible 
to synthesize the product unless the reaction is carried out 
at these high pressures and high temperatures. 
Since the products must be studied at room temperature 
and pressure, it is necessary to quench the reaction by 
lowering the pressure ëmd/or temperature very quickly. By 
using this technique, it is sometimes possible to retain the 
high pressure phase in a metastable state at room tempera­
ture and atmospheric pressure. 
Kinetics of high pressure-high temperature chemical synthesis 
The reaction rate can limit the formation of the product 
even if the equilibrium is favorable. The transition state 
theory of Glasstone et al. (19) will be used to describe the 
kinetics of a liquid or gas phase reaction, and diffusion 
will be used to describe the rate of reaction in the solid 
phase. 
The transition state theory assumes that the reactants 
form an activated complex, X*, and that X* then irreversibly 
decomposes Lo furm the products. Equation 2.2 is thus modified 
to 
lia 
aA + bB + Z X* + IL + mM + 2 . 6  
The reaction rate, z, is assumed to be given by: 
2.7 
where 
k = rate constant, 
= concentration of species i, 
= frequency with which X* decomposes to form products, 
and 
K = probability of reaction dependent on the geometry 
of the reacting species. 
The value of v is dependent only on temperature and is given 
where k is Boltzman's constant and h is Planck's constant. 
Equation 2.7 shows that the rate of reaction is de­
pendent on the concentration of the reacting species and the 
value of the rate constant. In gas phase reactions, the 
pressure affects the concentrations to a greater extent than 
it does It. Since the volume of a gas phase decreases with 
increasing pressure, the concentration increases with 
pressure. Hence the net effect of high pressure in a gas phase 
reaction is to increase the reaction rate. A more practical 
use of high pressure is to cause the condensation of the gas. 
by 
2 . 8  
lib 
The concentration of the liquid phase is much higher than 
that of the gas phase due to the small molar volume of liquids 
as compared to gases. 
For a liquid phase reaction the effect of pressure on Jc 
is more important than it is on the concentrations due to 
the small compressibility of the liquid. The variation of 
the rate constant of the transition state theory with pressure 
has been shown by Hamann (20) to be given by: 
* = -AV*y 2.9 
where AV* = V„*-aV,-bV_ ... Hamann also observed that for 
X" A B 
organic decomposition reactions AV* has been found to be 
greater than zero, and that for organic reactions involving 
a product consisting of one or more of the reactant species 
* 
AV is less than zero. Hence, both positive and negative 
values of AV have been observed experimentally. 
In a liquid phase reaction, high pressure can either 
decrease or increase the reaction rate. For AV*< 0 pressure 
increases the rate of reaction, and if AV* > 0 pressure de­
creases the rate of reaction. If the equilibrium is favor­
able at low pressures and temperatures but the kinetics are 
not, high pressure will increase the reaction rate for 
—* _* 
A V  < 0 ,  a n d  t h e  p r o d u c t s  w i l l  f o r m .  I f  V  >  0  a n d  t h e  
equilibrium is favorable, the higher the pressure, the lower 
12a 
the rate of reaction. In this instance the use of high pres­
sure could severely limit formation of the product. 
Reactions in the solid state usually occur by diffusion. 
As the reaction proceeds, a layer of product surrounds one 
or more of the reactant species so that it is necessary for 
the remaining reactants to diffuse through the product layer 
where they very quickly react to form more product. The 
controlling factor in the rate of reaction is the diffusion 
of the slowest diffusing component. 
Lawson (21) has studied the effect of pressure on dif­
fusion and found that for several metallic elements the rate 
of diffusion always decreased with increasing pressure at 
constant temperature and increased with increasing temperature 
at constant pressure. 
In summary, the use of high temperature and high pressure 
may make possible the synthesis of new products. The rate 
of reaction in the liquid and solid state can be limited 
by high pressure. To overcome this effect, it is necessary 
to operate at temperatures in excess of the equilibrium value. 
It is also possible to shift the equilibrium as the tempera­
ture is increased so that the reverse reaction of products 
to reactants is obtained. If this occurs, the pressure must 
also be raised to shift the reaction back to favor formation 
12b 
of the products. For certain gas phase and liquid phase 
reactions, high pressure alone can be used to increase the 
reaction rate. 
Metal Rich Chalcogenides 
If a compound possesses void spaces, it might be 
possible to compress these voids and synthesize a new 
product. A series of compounds which exhibits this property 
is the metal rich chalcogenides denoted symbolically by 
M^X. M is a member of the transition metals, X is a member 
of group VII of the periodic table, and n is the ratio of 
M to X. 
This research was particularly concerned with two 
special cases of the chalcogenides, the tantalum-sulfur 
system and the telluride series of titanium, niobium, hafnium 
and tantalum. 
Tantalum-sulfur system 
The first studies of the tantalum-sulfur system were 
carried out by Biltz and Kocher (22) in 1938. They 
identified four species, which were: TaS. ? , TaS, , 
U # j "u. # V 
TaSg, and TaSg. The first two of these compounds have a 
range of homogeneity. Hagg and Schonberg (23) later found 
three modifications of TaSg, the g, y, and 6 phases. 
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Jellinek (24) also prepared a series of tantalum di­
sulfide polytypes: Is-TaSg, Zls-TaSg, Ss-TaSg, Gs-TaSg, 
and a random TaSg. The s refers to the slab repeats of the 
TaSg unit. In addition he found some metal rich phases 
of the form Ta^^^Sg, 0<a<0.35. 
The bonding scheme of the above series of compounds 
involves either octahedral coordination or trigonal pris­
matic coordination by sulfur of the metal atoms of Ta. 
The lattice types vary all the way from monoclinic up to 
hexagonal. 
More recently Franzen and Smeggil (25, 2 6 ,  27) have 
investigated the metal rich area of this system. They 
synthesized and solved the crystal structure of TagS and 
TagS. In contrast to the less metal rich sulfides of 
tantalum, these compounds exhibited a structure in which 
body-centered chains of pentagonal antiprisms of tantalum 
share faces in one direction and are interconnected via sulfur 
atoms in the other two. The TagS phase is less dense than 
that of TagS. As can be seen in Figure 2, a void exists 
parallel to the columns of the tantalum atoms. The TagS 
structure results in a collapse of this void by a shift in 
the relative positions of the columns. This collapse re­
sults in a change of symmetry for the two phases. TagS is 
orthorhnrnbic With ?pace group P, i  »fhile Ta,S is r.cnc-bcm o 
clinic with space group Cgy^. 
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A more useful interpretation of the bonding in TagS 
and TagS has been given by Chen and Franzen (28). By empha­
sizing coordination of metal atoms by metal atoms, it is 
evident that the columns of Ta atoms are really a system of 
polyhedra, the so-called C.N. 14 Rasper polyhedra. The 
basic unit consists of two Rasper polyhedra, in which the 
center of one polyhedron serves as the apex of the other. 
An interesting, but perhaps unrelated result might be 
interjected at this point. Jayaraman (29) has found that 
the rare earth monochalcogenides involving samarium, 
europium, and ytterbium underwent a high pressure electronic 
collapse. The promotion of a 4f electron into a 5d state re­
sulted in a change of the rare earth valence from +2 to +3. 
It is evident that the use of high pressure can lead to some 
very strange and interesting results for these compounds. 
Metal-tellurium system 
The existence of metal rich compounds of the form MgX 
has been verified for several metals in conjunction with 
sulfur and selenium (see for example Franzen, Smeggil and 
Conard (30)). To date however, no compounds of the above 
form have been found for tellurium. 
Nitsche (31) has presented a general survey of the 
chalcogenides of the form MX^ and MX^ in addition to syn-
thesizing forty crystals. Included in this survey are the 
15 
Figure 2. The crystal structure of Ta_S from Franzen and 
Smeggil (25) viewed along tne b axis 
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Nb-Te and Ta-Te systems. The only telluride which was among 
the crystals was TiTeg. 
Ehrlich (32) was the first to investigate the titanium-
tellurium system. The phases TiTe and TiTeg were reported as 
the end compositions of a homogeneous phase. Both of these 
phases crystallized in a hexagonal lattice. They reported 
a small decrease in the lattice constant from the TiTe to 
TiTeg compositions. 
McTaggart and Wadsley (33) synthesized TiTeg, TigTe^, 
HfgTe^, TiTe, and HfTe. The densities and lattice parameters 
for each of these phases except for HfTe were determined. 
The TiTe of Ehrlich was bhown to have been incorrectly in­
dexed, so that the lattice parameters were double their 
reported value. The structure types of TigTe^ and HfjTe^ 
were identical and of the C6-B8 type (Strukturbericht classifi­
cation) , so that there is a continuous change from the C6 
Cdig hexagonal type to the B8 NiAs hexagonal type. Bertaut 
(34) found that Ti^Teg was also of the B8 type. 
TigTe^ shows a systematic departure from the other 
titanium tellurides. Gronvold e^ ^ 1» (35) solved the 
structure and found TigTe^ to crystallize in a body centered 
tetragonal lattice. The basic structural unit consists of 
columns of titanium and tellurium atoms, each arranged in a 
pseuaocuoic poxynearon aoûut a auum. auc 
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titanium atom is coordinated such that it forms a face 
centered cube with tellurium and a body centered cube with 
titanium. There are five of these columns per unit cell, 
four at the corners and one in the center. Raaum et al. 
(36) verified the existence of Ti^Te^ in their studies of the 
titanium-tellurium system and also found a homogeneous 
Ti2_^Te2 phase with l<x£0.39. Between the limits of 55-60 
atomic per cent of tellurium the structure is monoclinic, 
while for the atomic per cent between 60 and 66.6 this 
phase is hexagonal with a NiAs type of structure. The 
solid solution takes place by subtraction of titanium atoms. 
The only other telluride reported is Ti^Te^. The lat­
tice was reported by Chevreton and Bertaut (37) to be 
basically of the NiAs type, but with some slight modifications 
so that the lattice is monoclinic. 
The only study of the hafnium tellurides was that of 
Brattas and Kjekshus (38) . A Hf^^^Teg phase with a 
homogeneity range from 58 to 75 atomic per cent tellurium 
was synthesized and is identical with that found by 
McTaggert and Wadsley (33). Two new phases, HfTe^ and 
HfTeg were synthesized. HfTe^ was a monoclinic crystal iso-
structural to ZrSe^. The HfTe^ phase was found to be ortho-
rhombic . 
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The structure of Nb^Te^ was solved by Selte and Kjek-
shus (39) using powder methods. The structure was identical 
to that of TigTe^. Nb^Te^ was also studied by Selte and 
Kjekshus (40). This species crystallizes in a hexagonal 
lattice. Each niobium atom is surrounded by six tellurium 
atoms in a distorted octahedron. These octahedra are coupled 
together by common edges. 
The MTe and MTe^ type of tellurides of tantalum 
and niobium were prepared by Brixner (41). NbTeg was hexa­
gonal and of the CdClg type of structure as was TaTeg. In 
addition, the phases NbTe and TaTe were prepared and found 
to be rhombohedral. These two compounds were found to be of 
the NiAs type. The findings of Brixner were verified by 
Revolinsky et al. (42) who studied the telluride systems of 
niobium and tantalum. The phases TaTe^ and NbTe^ were also 
found and the X-ray powder patterns could be indexed on the 
basis of tetragonal unit cells. The actual structure of 
NbTeg and TaTeg are identical according to Brown (43). 
These compounds are layer structures with distorted octa­
hedral coordination of the metal atoms. 
The most complete study of the niobium-tellurium and 
tantalum-tellurium system was carried out by Selte et al. 
(44). The phases Nb^Te^, Nb^Te^, NbTeg, NbTe^, TaTeg and 
TaTe^ were found. These phases were compared with those 
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reported by earlier investigators, but no detailed structural 
comparison was made. 
The only reported study of a higher telluride is that 
of Ukrainskii et al. (45) of TaTe^ g. This phase is 
homogeneous and extends from TaTe^ g to TaTSg; it is a pseudo-
hexagonal distorted Cdig structure with an orthorhombic unit 
cell. 
A summary of the lattice type and cell constants of the 
tellurides is given in Table 1. 
In summary, it can be seen that the metal-metal bonding 
of the type observed in the metal rich tantalum-sulfur system 
is not observed. The reason for this probably lies in the 
method of preparation. The usual preparative technique of 
sulfides and/or tellurides involves one of four methods; 
direct reaction of stoichiometric mixtures in clean fused 
silica tubes, thermal degradation of chalcogen rich phases, 
employment of HgS gas passed over heated metal, or high 
temperature reactions in a Knudsen cell. All of these methods 
operate at low pressure. The use of a high pressure 
environment might provide the partial pressures necessary 
for complete reactions of these metal rich tellurides. 
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Phases in M-Te system 
Lattice 
Symmetry Lattice Parameters (A) 
Space 
group 
hexagonal 
hexagonal 
hexagonal 
monoclinic 
or 
hexagonal 
monoclinic 
tetragonal 
hexagonal 
rhombohedral 
monoclinic 
tetragonal 
hexagonal 
tetragonal 
unknown 
a=7.72, c=12.65 
a=3.77, c=6.52 
a=3.878, c=6.350 
a=6.954-6.840, b=3.836-3.850, 
c=12.716-12.658, B=90.63®-90.92® 
a=3.884-3.766, c=6.348-6.491 
a=6.82, b=3.85, c=12.66, 3=90.28® 
a=10.164, c=3.772 
a=12.79, c=6.656 
a=10.904, c=20.119 
a=19.39, b=3.642, c=9.375, 6=134.58" 
a=6.51, c=6.85 
a=10.67, c=3.6468 
a=10.231, 3.7194 
"2/m 
4/m 
*3m 
"2/m 
63/m 
4/m 
Table 1 (Continued) 
O 
Phase Lattice Lattice Parameters (A) Space 
Symmetry Group Reference 
HfTe_ monoclinic a=5.879, b=3.902, c=10.056, 38 
^ 6=97.98® 
HfgTeg hexagonal a=3.947, c=6.635 33 
TaTe rhombohedral a=10.904, c=20.119 R-r- 41 3m 
TaTe« monoclinic a=19.31, b=3.651, c=9.377, „ 
6=134.22» ^2/m 
TaTe^ tetragonal a=6.53, c=6.82 42 
TagTe^ tetragonal a=6.41, b=10.9, c=6.68-6.64 45 
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CHAPTER III. EXPERIMENTAL APPARATUS AND PROCEDURE 
Design and Construction of 50 Kb-2000 °C 
Piston-Cylinder Apparatus 
The experimental apparatus in this research was chosen 
for its desirable characteristics of adaptability, low cost, 
pressure and temperature range, and compatibility with locally 
available machining facilities. A major portion of the design 
was due to Drs. F. R. Boyd and J. L. England of the Geo­
physical Laboratory of the Carnegie Institution of Washington. 
The design blueprints were made available through their 
laboratory. Modifications of these designs were made in the 
press plates, end load assembly, and the furnace and sample 
assembly. The basic two-poster press was changed to a 
three-poster press with a corresponding increase in capacity, 
and the press plates adjusted for this configuration. The end 
load assembly was modified so that the same applied end load 
resulted in a higher tonnage end load for the bomb (cylinder) 
of the piston-cylinder. Finally, the sample and furnace 
assembly was redesigned; crushable magnesia was used in 
place of crushable alumina, and the dimensions of the ceramic 
components were adjusted so that optimum performance of the 
temperature controller resulted. 
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General description of piston-cylinder device 
An overall view of the apparatus along with the author 
is shown in Figures 3-7. It consists of two hydraulic 
presses, one to end load the cylinder of the piston-cylinder 
and the other to deliver pressure to the piston of the 
piston-cylinder. The entire press is retained within two 
large triangular plates secured by three tie rods. This 
configuration is commonly called a three-poster press. All 
applied pressures are eventually transmitted to these plates. 
The tie rods are secured to the plates by six large nuts, 
three of which appear at the upper plate in Figure 5. The 
large ring on the lower press plate is a retaining ring for 
the end load platen, the purpose of which is to provide 
support to a bomb assembly. The dark cylinder sitting on 
the end load platen is the main ram cylinder. A ram piston is 
contained within this cylinder and delivers pressure to a 
tungsten carbide pusher, which in turn applies pressure to a 
tungsten carbide piston. The main ram piston movement in the 
upward direction is allowed for by the bridge sitting on the 
main ram cylinder in Figures 3-7. Alignment of the pusher is 
provided for in the bridge by a brass ring. The bomb, a 
cylinder with a central bore, contains the sample. The 
tungsten carbide piston enters the bore of the bomb from the 
bottom to compress the sample. The bomb appears in Figures 
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Figure 3. Close up of author inserting sample assembly into 
bridge/ three poster press, and end load assembly 
Figure: 4. Overall view of heating unit, press, and hydraulic control panel 
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Figure 5. Front view of author and three poster press with 
bridge in place on end load assembly 
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Figure 6. Front view of piston-cylinder assembly with cooling 
lines removed. The bomb, baseplate, and back up 
plates are in place 
Figure 7. Side view of piston-cylinder assembly with power cables, thermo­
couple lead wire, and cooling lines (2) attached. The bomb, 
baseplate, and back up plates are in place 
30 
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6 and 7, and sits on top of the bridge and an 0-ring. The 
top side of the bomb is in contact with a base plate, and 
they are separated from each other by a 0.010 inch mylar 
sheet. The base plate contains a centered tungsten carbide 
plug, so that the sample is surrounded entirely by a vessel 
of the hardest metal available, tungsten carbide. The 
base plate is in turn separated from the upper press plate 
by two back up plates. Alignment of the piston-cylinder 
with the press plates is ensured by the spring loaded balance 
plate resting on the platen of the end load assembly. Figure 
5 shows all components except for the bomb, base plate, 
balance plate, and back up plates. In Figure 8, the pressure 
control panel, pump, and pressure gauges are shown to the 
right. The heating unit, which provides a temperature 
controlled power output of 0-5 KVA to a resistance heater, 
is shown in the background to the left. The shield around 
the press protects personnel from possible injury should the 
bomb crack. 
The discussion above was mainly a general description of 
the overall design concept. In the following paragraphs, the 
operational and constructional principles will be considered 
in more detail. The acquisition of proper materials is very 
important as there are few steels capable of meeting the re­
quirements of toughness and hardness. In addition, the 
machining requirements are very stringent and vary from steel 
Figure! 8. Heating unit, press contained within safety shield, and 
hydraulic system 
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to steel. It is necessary to grind hardened steels, since 
nothing will cut or mill them in the proper manner except 
diamond, a very expensive material. For these reasons, it 
is necessary to consider the construction process step by 
step. 
Three-poster press 
The press plates were fabricated from Ryerson's AISI 
E4340. E4340 is a highly alloyed steel, averaging 1.80% 
nickel, 0.80% chromium, and 0.25% molybdenum. This compo­
sition assures deep hardness when oil quenched, so that high 
strength characteristics are maintained throughout the 
section. Its primary use is for heavily stressed opera­
tions under heavy-duty loads. If oil quenched at 1475-
1575 ®F, the hardness on a Rockwell C scale (RC) varies 
throughout only from 58-53 RC. By tempering at 800, 1000, 
and 1200 °F the ranges are lowered to 48-44, 43-37, and 36-30 
RC respectively. The toughness increases as the hardness 
decreases so that one must make some sort of compromise 
between these two effects. By comparison, tungsten carbide 
with a cobalt binder (carboloy), one of the hardest known 
metals, has a maximum hardness of 93 RC. Two 3-1/2 inch 
plates, shown in Figure 9, were obtained in a normalized 
U.XX CL «a UC* ^Cli.ClXXCX dUXXClUCb 
to within + 0.005 inch. It was heat treated by an oil quench 
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X. 
NOTE: 
BORE THREE (31 3.751" + 
HOLES ON lO^Tf RADIUS CO* APART 
HOLE SPACINGS IN TOP S 
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BO'T 
TOP VIEW 
. +.003" 
BO" APART 
3 PLACES 
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END VIEW 
- REAM IN TOP a BOTTOM PLATES 
2"0IA.m^"0CEP C'BORE IN BOTTOM PLATE 
WITH ^ FILLET 8 RADIUS ON EDOES 
60" TYP. _ 
(I) TOP AND (I) BOTTOM PRESS PLATE 
4340 HARDENED. GROUND ON FACES 
a MACHINED 
Figure 9. Top view of press plate 
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to about 35 RC. All machining of the holes was done previous 
to hardening. The three large holes were bored for the tie 
rods in Figure 10. The center hole on one plate was counter-
bored for the bottom end load platen. 
The three tie rods are Rychrome hot roll and were 
fabricated according to the specifications in Figure 10. 
Rychrome/ an AISI 4140, is a general purpose alloy, low in 
cost and averaging 0.95% chromium and 0.20% molybdenum. 
It has good hardness penetration, strength, toughness, and 
ductility. After the rods had been turned to their proper 
size, they were polished. Six nuts were machined from the 
same stock to secure the two press plates. The square 
shoulder ensures that the plate to plate distance is constant 
at 21 inches. The annular region serves to prevent thread 
damage during machining. The thread size was chosen on the 
basis of best compatibility with the tie rod radius. Since 
all machining was done on hot roll steel (unhardened), no 
grinding was necessary. In order to tighten the nuts it was 
necessary to construct a large open end wrench. The purpose 
of the tie rods and nuts is to maintain the press plates 
parallel to within + 0.005 inches under any applied end load. 
The upper design limit for the end load is 250 tons. 
The entire three-poster was supported by the four 
wheel pedestal in Figures 5 and 8 for ease of movement. It 
consists of a 30 inch x 27 inch piece of 2 inch thick steel 
T I E  R O D S  ( 3 )  R E Q .  
TOTAL LENGTH 35^" 
RYCROME , TURNED » POLISHED 
îf TrP, 
4 THREADS PER INCH 
SQUARE THREADS 1/8' DEEP (BOTH ENDS) RAO (BOTH ENDS) 
3^* TYP. 
S^SOÎgggÎTVP. 
-r- 2|* 
4* OIA. 
-4.- 2 ^  - J.- |%L _ s J"- «' 
NUT s (6) REQ. 
RYCROME, TURNED a POLISHED 
W 
-J 
y,^LL FLATS 
— 5 
-
J L 
t 
4" BORE a THRD. 
JO SUIT TIE y  
ROD i 
4'- -1 
Figure 10. Side view of tie rod and side and top view of nut for tie rod 
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plate. Three holes were bored into the plate for the three 
nuts of the press. This platform was welded to three 9 inch 
O.D. X 12-1/2 inch pipes with a wall thickness of 1 inch. 
Three 6 inch "heavy-duty" plastic coated wheels were at­
tached to these pipes. The press was carefully lowered onto 
the platform and was held in place by the three holes of the 
platform and weight of the press. 
End load and ram assembly 
The end load and ram assembly is displayed in detail in 
Figure 11. The cross hatched area represents the lower press 
plate. The outermost ring is 16 inches in diameter. It is 
the cylinder for the end load hydraulic assembly. It was 
turned to size without any grinding operations since it was 
E4340 in an annealed and stress relieved condition. The 
end load assembly is completed by the upper and lower 
platens. They were directly machined from some available 
cold roll. The undercut prevents galling of the upper platen 
and ring. The lower platen is held in place by the bottom 
press plate counterbore. In addition, the shoulder of the 
platen is weighted down by the outer ring so that vertical 
movement of the lower platen is also restricted. The boss 
on the lower end of this platen is inserted into the lower 
press pTatA hmlds thm hydranlir! firiDly in place. 
The tap is machined so that it can be adapted to high 
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Figure 11. Side and top view of end load and ram assembly 
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pressure stainless steel tube fittings which employ a coned 
tube-gland-collar unit marketed by Aminco or Autoclave. 
Details of the machining for these fittings are displayed in 
Figure 12. The oil pressure is applied to the 11.855 inch 
diameter upper platen and is sealed between the platens by 
two different "Viton" 0-rings- The upper platen also 
serves as the lower platen for the other hydraulic press. 
All 0-ring groove specifications are detailed in Figure 
12. The main ram hydraulic assembly rests on the upper 
platen of the end load assembly, and the entire main ram 
assembly moves in a vertical direction in conjunction with 
this platen. The cylinder of the main ram is E4340 in a 
stress relieved state. It was machined according to the 
specifications of Figure 11. It is held in place by the 
bridge support ring of cold roll steel and three hardened 
socket-head cap screws. The main ram tapers out at the 
bottom to a 4 inch diameter. The annular region reduces 
the diameter to 3.5 inches. The applied load is transmitted 
to the 4 inch face of this ram through the lower pressure 
tap on the main ram cylinder. All pressure taps are of the 
high pressure type in Figure 12. The oil is contained by 
"Viton" 0-rings; the grooves for these 0-rings are also 
machined according to Figure 12. The ram material is 
Nikrome. Nikrome is an AISI 4340 HT with a high nickel-
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chromium content which gives outstanding depth of hardness 
with high mechanical properties throughout the section. It 
possesses strength and toughness for withstanding severe 
service conditions. It has been quenched and tempered, hence 
the strength and hardness are already developed. Its hard­
ness is not high enough to prevent machining. The annulus 
of the ram is used to retract the ram after a load has been 
applied, and it is desired to unload the press. The third 
pressure tap is employed to deliver pressure to the 1/4 
inch wide tapered annulus. The main ram pressure is re­
leased so that this is sufficient to retract the ram. The 
same upper section 0-ring seal for the main ram is used for 
sealing the lower portion of the annular region. The upper 
portion is sealed by two 0-rings, one of which bears directly 
on the ram and the other which does not wear against any 
movable part, but is simply a sealing gasket between the main 
ram cylinder and bridge support ring. A delta ring seal would 
probably serve as well. The 0-ring grooves are detailed in 
Figure 12. The top of the ram is machined so that a steel 
cap will rest on it (see Figure 13). The taps in the main 
ram and upper platen are for ease of removal. The bridge 
support ring and main ram form a 1-1/2 inch channel in which 
the bridge is supported. 
It was later found necessary to add the balance plate 
(see Figures 6 and 7) to align the upper platen with the 
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figure 15. bide and top view of bridge and piston assembly 
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press plates. Before this change in the design was made, 
this misalignment caused the sample assembly to shift in the 
bomb. Although the shift was less than 1/16 inch, it was 
enough to cause shearing of the thermocouple wires. To 
correct for this the 3/8 inch thick balance plate was placed 
over the platen and attached to the lower press plate 
with three lug bolts 120® apart. A 2 inch long "heavy-duty" 
spring was placed over each bolt between the balance plate 
and bolt head to load the balance plate and provide enough 
force to tip the platen. In this manner the platen was forced 
into the proper position. Occasional shorting of the wires 
still occurred, but this happened only at high sample tempera­
tures, where thermal expansion effects are probably responsi­
ble . 
Boyd and England piston-cylinder device 
The bridge assembly is detailed in Figure 13. The bridge 
itself is the large piece of Nu Die V steel in the upper 
portion of Figure 13. Nu Die V is an AISI H13. It is a 
crucible steel with good strength at high temperature. It 
is a 5.0% chromium steel and possesses extreme toughness. 
The entire bridge was machined slightly oversized prior to 
heat treat. The 3.503 inch chamber permits upper movement 
of the main ram. The center boss supports the carbide core 
of the bomb. The 1/8 inch NPT hole is for water cooling of 
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the bomb. A 5/16 inch x 18 inch tap 3/8 inch deep is machined 
midway on the outer surface in a flat (see Figure 18). The 
flat and tap are for connection of an electrical lead. The 
shoulder on the lower portion of the bridge seats the bridge 
firmly on the bridge support ring. The 0.750 inch bore of 
the bridge is for the 3/4 inch carbide plug. The 3/4 inch 
bore tapers into a 1/2 inch bore for the 1/2 inch piston. 
The bridge is then heat treated according to specifications 
to a hardness of 50 RC. The boss, 0-ring grooves, bores, 
and bottom are then ground. The boss is uniformly 0.005 
inches higher than the 0-ring ridge. This ensures that the 
major protion of the end load, transmitted via the bridge, 
is applied to the core of the bomb. The steel cap is 
machined as in Figure 13 from E4340 and then hardened to 38-
40 RC. It is used to support the tungsten carbide plug and 
piston and directly applies the main ram pressure. The 
brass ring is machined for a tight fit to the carbide plug 
and aligns the plug and piston in the bridge. It is very 
important that the piston enter the bomb perfectly parallel 
to the bore. The tool steel ring is shrunk on the carbide 
piston and then the bottom is ground to ensure parallelism. 
This ring prevents chipping of the carbide piston's end 
which bears on the carbide plug. The tungsten carbide was 
obtained from General Electric Company. The grade of carbide 
used for the.plug and piston is 883. 883 is a carboloy or 
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cemented carbide which uses a cobalt binder to cement tung­
sten carbide particles together via a sintering process. 883 
employs a 6.0% cobalt binder. The important properties are 
its mechanical ones. It has a hardness of 91.7-92.2 Rockwell 
A, a transverse rupture strength of 290,000 psi, an ulti­
mate compressive strength of 790,000 psi (53.8 Kb), an ulti­
mate tensile strength of 210,000 psi, and a proportional 
limit of 280,000 psi. It has high resistance to wear and good 
toughness. It is apparent it has a very high compressive 
strength, but relatively low tensile strength. For this 
reason, it is necessary to support the carbide whenever 
a shearing force is present. This is the purpose of the 
piston ring. It is not necessary to support the 3/4 inch 
plug since the maximum ram pressure exerted on the plug 
rarely exceeds the tensile limit of the carbide. The 1/2 
inch piston is a stock item, and no machining is necessary. 
The 3/4 inch plug was cut and ground to size from a 12 inch 
rod. In the grinding operations, diamond dust or alumina 
wheels are used. Diamond dust saws are needed to cut carboloy. 
The sealing ring is made from tool steel and sits on the taper 
ground on the 1/2 inch piston. It seals the sample and fur­
nace assembly in the bore of the bomb. The piston to ram 
area is in the ratio of 1:64 so that alb load delivers 64 b 
to the bore of the bomb. 
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The bomb assembly consists of the five cylinders in Fig­
ure 14. The cylinders increase in hardness toward the bore. 
The outermost ring is a safety ring and is a ring of E4340 
in a normalized state. Its purpose is to prevent any re­
lease of projectiles should a brittle fracture of the re­
taining rings occur. A better material for this purpose would 
be stainless steel since E4340 has been known to undergo a 
brittle fracture under extreme conditions. The two retaining 
rings are fabricated from E4340; the outer ring has a hardness 
of 42-44 RC and the inner ring a hardness of 53-55 RC. The 
shim is an Air Die steel (AISI D2) hardened to 60-62 RC. It 
was chosen on the basis of ease of hardening (it is an air 
hard), hardening accuracy, and small deformation upon harden­
ing. The core is a 883 carboloy cylinder with a 1/2 inch 
bore, one end of which opens into a 45® truncated cone cavity. 
The core chips at this point if a straight bore is used. 
The core fractures after a certain number of runs. To pre­
vent damage to the retaining rings, the shim sheaths the core. 
The bomb can then have the core and shim pressed out and be 
refitted with a new one. 
The bomb is designed on the basis of Lamé's theory of 
principal stress, i.e., only tangential stresses are con­
sidered. Bell and England (1) applied this theory to the 
design of the bomb. One considers a series of concentric 
BOMB ASSEMBLY 
A B C D E 
00 
A. MILD STEEL SAFETY RING 
B. STEEL (E4340 RC 42-44) RETAINING RING 
C. STEEL (E4340 RC 53- 55) RETAINING RING 
D. STEEL (AIR DIE RC 60- 62) SHIM 
E. CEMENTED TUNGSTEN CARBIDE CORE 
Figure 14. Side view of bomb assembly 
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rings with radii in order of increasing size Rq, Rg, 
and R^/ corresponding to the I.D. of E, O.D. of D, O.D. of 
C, and O.D. of B, respectively as shown in Figure 14. The 
rings are assumed to be forced together with an interference 
fit. Letting p be Poisson's ration, E Young's modulus, 
the normal stress at the interface of any two rings, 
and the tangential stresses at the interface of the outer 
(R^) and inner (R^) radii, D the interface diameter, and 
AD the total interference at the diameter D, the following 
equations result from Lamé's theory. 
(T -uP)D (T.-yP)D 
AD = —2__ + -i-
3.1 
Rq + R? 
T = P. —X i- at the interface of any two ring 
^ Rg + R^ assembly for each ring, 3.2 
and » 
R. 
T = 2P. -5—^ A at the outer and inner diameter 
R_ - Rj any two ring assembly for each 
° ^ ring. 3.3 
Using Equations 3.1, 3.2, and 3.3 and the interference values 
of 0.040 inches between rings B and C and 0.024 inches be­
tween rings C and D, Bell and England (1) showed that the 
carbide core does not go into tension until a pressure of 
25 Kb is reached. The interference values are based on the 
yield strength of the outer ring. At 50 Kb the I.D. of the 
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outer ring B is stressed 18% over its tensile strength. In 
this way the elastic limit of the core is extended by the 
compression supplied by the rings. This considerably ex­
tends the life and useful range of the core. The core is 
supported in the axial direction by the end load of 150-
200 tons, so that the axial deformation is very small and 
Lame's theory applies for the design criteria. 
The dimensions of the core are given in Figure 15. 
These dimensions are ground to size on the core using 
diamond dust grinding wheels. The carbide core is molded to 
provide grinding stock. The Air Die shim was roughly machined 
to size and hardened. After hardening it was ground to the 
exact specifications of Figure 15. Ring C is rough turned 
to the sizes indicated in Figure 16, hardened, and then the 
surfaces are ground to the finish sizes. A similar procedure 
is followed for ring B in Figure 17. The core and shim are 
first pressed together. The core must stick out of the shim 
by 1-3/8 inches prior to pressing. The core was lubricated 
with an antisieze lubricant and pressed together with a 
high tonnage press. The two E4340 rings were forced together 
in a similar manner. Finally the shim and core were pressed 
into the retaining rings. A final grind was taken on the 
bomb to insure parallelism. The outer ring was merely heated 
up and shrink fitted to the bomb. This completed fabrication 
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of the bomb. 
The base plate in Figure 18 consists of a carboloy 883 
base plug and an E4340 base plate. The taps are machined 
directly into the E4340 plate and the O.D. turned to size 
The flat serves as a connection for the other power cable. 
The two 1/4 inch NPTtaps are for the water cooling channel. 
The bomb is water cooled on both ends to prevent expansion 
of the retaining rings from the core when the sample is 
heated. If this were not done, the rings would not support 
the core and failure of the same would occur. The two base 
plate shoulders and top are rough turned to size. The piece 
is heat treated and then these same parts ground to the 
finish size. The base plug is ground so that there is an 
interference of 0.005 inch + 0.001 inch with the base plate. 
The base plug and base plate are pressed together with a 
medium size hydraulic press. A final grind is taken on 
both sides of the assembly to ensure parallelism. A 1/16 
inch hole was made in the base plate with an EDM (Electrode 
Drilling Machine). The slot was then ground into the base 
plate assembly. The final step was to prepare two back up 
plates. These plates are placed between the base plate and 
the top press plate. They were fabricated from two plates of 
Carpenter 484 (AISI A2) because it is very easy to harden 
large pieces of it to an exact RC value. Two plates 7 
inches in diameter were machined. The thickness of one was 
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1-1/4 inches and the other 2-3/4 inches. The 1-1/4 inch 
piece was hardened to 50 RC and is always placed next to the 
base plate. The 2-3/4 inch plate was kept in an annealed 
state. 
Hydraulic system 
The hydraulic system displayed in Figure 19 consists of 
a Haskel DXHW-602 hydraulic pump and air regulator, high 
pressure tubing and valves, Heise gauge, and control panel. 
The control panel is also shown in the right portion of Figure 
8. The pump is an air driven hydraulic reciprocating pump 
with an intensification ratio of 690:1 and can reach pressures 
of 75,000 psi. The pressure should never be set above 12,000 
psi (sample pressure = 52 Kb), and a bursting cap is set in 
the high pressure line with a 12,000 psi rating to ensure 
this. There are a series of high pressure valves to deliver 
pressure to any of the three pressure taps and to bleed off 
the pressure when necessary (valves A-G of Figure 19). The 
Heise gauge measures the load pressure in bars. It has a 
full scale range of 1500 b and is accurate to 0.5 per cent 
of the full scale reading. An autoclave pressure gauge 
measures the end load pressure. 
HYDRAULIC SYSTEM FLOWCHART 1 DXHW-602 HYDRAULIC PUMP 2 OIL RESEVOIR FOR I 
3 0-1500 BAR HEISE GAUGE 
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Fig are 19. Flow chart of hydraulic system of the piston-cylinder apparatus 
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Heating unit 
The heating unit delivers a 0-5 KVA load to a graphite 
furnace. The resistance heating of the graphite cylinder 
enables sample temperatures of 2000 ®C to be obtained. The 
heating unit controls the temperature about a set point by 
using a proportional controller. The heating unit is shown 
in block diagram form in Figure 20 and is in the left portion 
of Figure 8. This device is described by Muhle and Bautista 
(46). A constant voltage of 118 V (+1%) is delivered by the 
Sola transformer to the temperature controller. An error 
signal is generated by the e.m.f. difference between the 
thermocouple and the set point of a potentiometer, A null 
detector monitors this difference and feeds it to the 
controller. The thermocouple is situated at the center of 
the sample, and the controller corrects any error signal to 
correspond to the set point temperature. The accuracy of 
control is + 0.1 per cent of the set point. The controller 
delivers an appropriate amount of the 118 V to a 5 KVA step 
down transformer so that the error signal is zero. The 
actual power delivered to the load is measured by the 
voltmeters and ammeters. 
Sample and furnace assembly 
The sample and fnrnare assemhly design. Hue to Boy? and 
England, is displayed in Figure 21. The ceramic thermocouple 
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Figure 20. Block diagram of heating unit for the piston-
cylinder apparatus 
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tube sheaths a thermocouple. The base plug serves to trans­
mit current to the graphite furnace. Lava is an insulator as 
is ceramic, so the only current path is through the graphite. 
The lead foil lubricates the cell and decreases friction be­
tween the bore of the core and the talc cylinder. Talc 
(a hydrous magnesium silicate) has been found to be an 
excellent solid pressure transmitting media at elevated 
temperatures. The boron nitride sleeve insulates the graphite 
furnace thermally and prevents moisture from the talc being 
forced into the inner parts of the cell. The lava spacer 
serves just that purpose, it fills the space between the 
sample container and graphite cap. The ceramic sleeve further 
insulates the thermocouple. The crushable ceramic piece 
swages the thermocouple sheathing tube, and prevents its ex­
trusion out of the hole in the base plug. The sample con­
tainer can be made from any substance compatible to the 
sample material, i.e., no reaction with sample container must 
occur. The thin ceramic disc isolates the thermocouple from 
the sample container, and eliminates any contamination from 
this source. 
Detailed specifications for machining the cell are dis­
played in Figures 22 and 23. The dimensions were based on 
geometrical similarity to Figure 21 and the bore of the pres­
sure vessel. The lava insulating sleeve was machined from 
American Lava's Grade A lava. If fired, the lava changes 
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Figure 22 Design specifications for sample and furnace 
assembly (part 1 of 2) 
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Figure 23. Design specifications for sample and furnace assembly (part 2 of 2) 
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color from gray to pink and becomes stone hard. In its un-
fired state, it is very soft and is a good solid pressure 
transmitting medium. The tolerances are important, since 
for reproducible results it is necessary to duplicate 
the dimensions as closely as possible. The fit of the sleeve 
with the base plug should be tight. The base plug is fabri­
cated from annealed 303 stainless steel, turned to size, and 
the center hole drilled with a #52 bit. The ends are 
chamfered so that they do not scrape the inside of the lava 
sleeve as the plug is inserted. The boron nitride is hexa­
gonal boron nitride purchased from Union Carbide Corporation. 
It is also an easily machinable soft material. Boron nitride 
is quite expensive, so rather than turning down oversized rods, 
it is better to cut rectangular blocks from a large block. 
Square collets can then be used to turn the blocks down to 
size. The tolerances, especially on the diameters, are again 
very important, and a tight fit with the talc sleeve is 
necessary. The talc was obtained from American Lava Corpora­
tion as Grade 1136 lava. This material is soft and white in 
color in the unfired state. The O.D. tolerance is not as 
important because the lead foil tends to flow and adjust to 
contour of the talc. The I.D. tolerance is critical however. 
The lead foil was obtained from Divco Lead as a 1 inch x 250 
feet X 0.010 inch roll. Several strips of this material were 
then roll pressed down to 0.003 inch. The graphite furnace 
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and end cap material was high density-high purity Ultra Carbon 
graphite. The O.D. of the furnace must maintain a tight fit 
with the I.D. of the boron nitride sleeve. The end cap must 
also fit snugly into the boron nitride sleeve or the spacer 
and associated material will fall through the end when the 
cell is being loaded into the bomb. The ceramic parts are 
custom ordered and no manufacturer will guarantee tolerances 
much better than + 0.001 inch, so that it is necessary to 
fit the I.D. of the furnace to the maximum tolerance of either 
the crushable ceramic or 0.435 inch ceramic sleeve, which­
ever is larger. The high temperatures of the graphite furnace 
(2000 ®C) are effectively contained by the boron nitride 
sleeve (M.P. = 2500 ®C), so that the talc temperature seldom 
exceeds 600®C. However, the internal parts of the cell can 
reach very high temperatures. This necessitates the use of 
high temperature ceramic materials. Ceramics are very hard, 
do not possess very good pressure transmitting qualities, and 
lead to the so-called "anvil effect" by which the ceramic 
material is able to support a considerable shear. This can 
lead to serious errors if the press is not calibrated. The 
crushable swaging sleeve, as the name implies, crushes during 
the initial stages of compression and effectively swages the 
thermocouple tube. It consists of 99.6 per cent pure magnesia 
(MgO) and was custom ordered in 2 inch lengths from Norton 
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Company. The melting point of MgO is 2800 ®C. The ceramic 
sleeve material, also custom ordered, is 99 per cent pure 
alumina (AlgO^, M.P. = 2050 °C) purchased from McDanel 
Company in 12 inch lengths. The ceramic disc material was 
99 per cent alumina in 4 inch stock lengths. The ceramic 
materials were cut with a diamond dust saw since this is the 
only material which would give a smooth, even cut. The 
tolerances on the ceramic tubing diameters in Figures 22 and 
23 were those which the manufacturer provided. The maximum 
tolerance was + 0.005 inch. The sample cell and lid were 
bored and cut directly from a 0.125 inch x 12 inch boron 
nitride rod. The lava spacer must be fired to eliminate 
any water contamination of the sample. The spacer is 
machined to size by using a 1.003 correction factor since 
lava shrinks when it is fired by 3%. The ceramic thermo­
couple tube is a two or four bore 0.063 inch diameter alumina 
(99% or 96%) tube for sheathing two or four wires respectively. 
After the cell parts have been machined, the graphite furnace, 
boron nitride cell, talc cell, and graphite end cap are care­
fully fitted together to ensure correct sizing. The same 
procedure is followed for the base plug assembly. Each is 
stored in a separate container. The remaining cell parts are 
also stored separately. Finally, for each cell it is necessary 
to prepare a beveled ring for the piston from tool steel and 
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an unfired lava insert to fill the beveled hole in the bomb. 
The insert has a 45® taper and is 0.231 inch high and thick 
with an I.D. of 0.501 inch. 
A photograph of the furnace and sample assembly is 
displayed in Figures 24a, 24b and 24c. In Figure 24a, the 
separate components of the cell are shown to scale. One can 
note the small sample volume as compared to the other 
dimensions. This is necessary if the sample is not to ex­
perience large thermal and/or pressure gradients. In Figure 
24b a partially assembled cell is displayed. The function of 
the crushable ceramic sleeve is more obvious from this view, 
since the initial stress produced by the base plug centers on 
this sleeve. The thermocouple bead in an actual run protrudes 
from the sheathing tube inserted in the base plug. 
Unloading press 
The unloading press is used to remove the sample and 
furnace assembly from the bomb after a run has been completed. 
It consists of a 50 ton Enerpac RC-506T cylinder and P-85 
hand pump along with a 10-1/2 inch 0-D. counterbored cylinder. 
A front view of the unloading press is shown in Figure 25. 
The counterbore of the cylinder has an O.D. of 7.00+ 
inch, so that the bomb can be fitted into it and prevented 
from shifting. A 1/2 inch bore in the center of this 
cylinder allows the sample to be pushed out of the bomb by 
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Figure 24a. Disassembled furnace and sample assembly 
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Figure 24b. Partially assembled furnace and sample assembly 
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Figure 24c. Side view of furnace and sample assembly 
Figure 25. Side view of unloading press 
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the hydraulic cylinder. This cylinder is mounted on a 1 
inch thick plate with a length of 20 inches and a width of 18 
inches. The mounting consists of four steel pegs to keep 
the 10-1/2 inch cylinder from sliding. This cylinder is 
surrounded by attaching some 1/4 inch steel plate to three 
sides of the plate above with a series of socket head cap 
screws. A second plate of the same size is placed over the 
other one at a height of 22 inches with four torsion bars. 
The upper ends of the 1/4 inch plates are also attached 
here. The hydraulic cylinder is connected to the upper plate 
so that its plunger moves in a downward direction. It acts 
on a plug which forces the sample assembly out of the bomb. 
The cover to the press is held in place by two pieces of 3/8 
inch thick angle iron. The cover is counterbalanced by two 
lead weights hung over a pulley, so that the cover can be 
held in place when raised by a set screw. 
Experimental procedure 
The experimental procedure deals with three separate 
processes; sample preparation, pressure generation, and 
temperature generation. The pressure is applied to the sample 
by the piston-cylinder press using the control panel. The 
sample temperature is produced by utilizing the temperature 
controller and hcsiting unit. 
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Sample preparation 
Sample preparation is quite simple once all the necessary 
parts have been machined. The solid sample is placed into the 
boron nitride sample cell using a spatula and 1/16 inch 
piece of 303 stainless steel welding rod, with frequent 
tamping to get as much sample into the cell as possible. 
The talc, boron nitride, and graphite cell assembly is then 
fitted with the spacer using the rod to bottom the spacer on 
the end cap. The sample cell is then carefully placed in 
the bore of the graphite sleeve and the cell lid and ceramic 
disc inserted. This unit is also bottomed on the spacer with 
the welding rod. To prevent graphite particles from the 
furnace falling on the ceramic disc the rod is wrapped with 
a piece of tissue paper which absorbs the graphite. If the 
graphite remains in the cell, it will contaminate the thermo­
couple. The two ceramic sleeves are next inserted in the 
proper order. A 1-1/2 inch length of foil is cut from a 
smoothed out strip of the lead foil. This is fitted around 
the talc sleeve and crimped around the bottom edge. Special 
care must be taken to ensure no foil extends beyond the 
uppermost 1/16 inch of the talc. If the lead foil contacts 
the base plug, it will short out the heating current. The 
lead foil is then coated with a thin film of Molycoat lubri­
cant (MoSg). The furnace and sample assembly is now ready 
for insertion into the bomb. 
74 
The press is initially prepared by allowing the top 
platen to settle somewhat. It should be allowed to bottom 
out every once in a while so that the sealing grease re-
lubricates the entire side of the platen. The platen should 
never be forced down since this can cock and jam it into the 
ring. The top of the ram is cleaned (usually with CRC 5-56 
or WD-40), and a thin Molycoat film placed on the internal 
faces of the bridge, the steel cap edge, the edge of the 
brass ring, and on the sides of the carbide cylinders. All 
other surfaces must be clean and free from any finger prints, 
moisture, etc. The piston is then inserted into the over­
turned bridge and adjusted for easy movement through the 
bridge. The carbide plug, brass ring, and steel cap are 
then placed over the carbide piston, care being taken to 
handle only the Molycoated sides of these elements. The 
ram and bottom of the bridge and steel cap are sprayed with 
a thin coat of CRC 5-56 or WD-40 and the bridge is carefully 
placed over the ram. The main ram is slowly raised using the 
pump and inlet valve on the control panel (valve B of Figure 
19) until the piston emerges out of the bridge about 1/4 
inch and the valve is then closed. A neoprene 0-ring is placed 
in the bridge's 0-ring groove (for sealing water in cooling 
channel). The bomb bore is lubricated with Molycoat and 
placed with the beveled hole up over the raised piston. The 
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ring for the piston is placed in the bore and seated with a 
1/2 inch diameter brass rod. The sample and furnace assembly 
is then inserted into the bore using the brass rod. The base 
plug is placed over the sample and furnace assembly, the 
lava insert positioned in the bomb, and the piston raised 
until the top of the base plug and lava insert are flush. A 
piece of 0.01 inch mylar is prepared by joining together two 
strips of 4 inch wide x 8 inch long mylar sheets, cut from a 
4 inch wide roll, using some adhesive plastic tape. A 1/2 
inch punch is used to cut out the center of the sheet, and 
it is better not to have the tape crossing the hole. For 
this reason, one mylar strip is cut in two and these strips 
taped to the other uncut strip. By pulling up the lava sleeve 
of the base plug, the mylar can be placed over the sleeve. 
This insulates the bomb from the base plate so that all the 
current passes through the base plug. The base plate is 
cleaned and carefully placed on the top of the mylar sheet, 
trying to center the holes of the stainless steel and carbide 
base plugs as closely as possible. The stainless steel rod is 
then used to center these holes. The thermocouple wires 
(Pt/Pt-10%Rh or W-3%Re/W-25%Re) were initially joined using 
an inert arc weld. It was later found easier to simply twist 
the wires together and let the pressure in the cell form a 
good contact between the wires. Since each run destroys the 
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Table 2. End load tonnage-gauge pressure equivalents 
Load (tons) Pressure (psi) 
150 2750 
200 3650 
250 4550 
2 inch length of wire in the bomb, a long (approximately 12 
inches or more) piece of wire for each leg is used repeated­
ly to economize on cost of thermocouple wire. The 1-7/8 inch 
sheathing tube is placed over the wires. An additional 7 
inch length of sheathing tube is placed over the wires to 
insulate them from the base plate. Shorting of the wires can 
occur at the 90° bend of the base plate groove, so they were 
insulated by placing a small (1/4 inch or less) length of 
polyethylene insulation over each wire. The 1-7/8 inch 
sheathing tube is placed in the hole in the base plug and 
bottomed on the ceramic disc. The 7 inch sheathing tube is 
then placed in the slot. The 1-1/4 inch spacer is placed on 
top of the base plate, followed by the 2-3/4 inch one. 
Care must be taken to center these plates on the base plate. 
A piece of mylar (for electrical isolation of the base plate) 
is placed between the top spacer and upper press plate. 
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Pressure generation 
Now that the press is prepared, the pressure can be 
applied. The end load pressure is slowly applied by opening 
valves F and D of Figure 19, making sure that all other valves 
are closed. The main ram valve must be closed to hold the 1/2 
inch piston in place. A 1/4- inch thick safety shield shown in 
Figure 8 is placed around the press during the pumping. The 
end load is increased until the gauge pressure reaches the 
desired load. Valve F is closed followed by valve D. Valve 
E is then slowly opened to bleed the pressure from the un­
loading chamber. Valve G is not presently a part of the 
hydraulic assembly. It will be placed in the line to the un­
loading chamber at some future date since the pressure during 
the end load is also applied at this point. This has resulted 
in occasional blow out of the static 0-ring seal. The con­
version between the end load tonnage and gauge pressure is 
provided in Table 2. Normally the end load is raised to 200 
tons. The water cooling liner (tygon tubing and compression 
fittings) are connected at this time, after removing the 
shield. Two lines are connected to the base plate and two 
to the bridge. The 4/0 power cables are then attached to 
the bridge and base plate with brass screws. A copper bar 
is placed between the lug of the cable and the press to 
ensure good contact. The thermocouple wires are joined to 
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some lead wire. The pressure desired in the sample is deter­
mined by the calibration (see next section) and the Heise 
gauge reading. To attain this pressure, valve B is opened, 
making sure that all other valves except E are closed. The 
pressure is very slowly raised to the desired level, valve 
B is closed, the pump shut down, and the necessary measurements 
are taken. After completion of the run, the main ram pressure 
is slowly bled to a reservoir by opening valve C. Once the 
pressure drops to zero, the unloading valve (valve D) is 
opened, care being exercised to ensure that the main ram 
pressure can bleed back to the reservoir. The unloading pres­
sure is then applied by opening valve A and should never ex­
ceed 600 psi. The end load valve (valve D) is finally opened 
to release the end load. When the end load has reached 500 
psi or so the lead wire and power cables are removed, the 
water in the cooling lines blown out with compressed air, and 
the cooling lines removed. If this is not done before the 
end load reaches 0 psi, the water will leak over the press, 
leading to rust. The pressure in the end load chamber is then 
released to zero. After the spacers have lowered enough, the 
mylar sheet is removed, followed by the spacers, base plate, 
bomb, and bridge. All parts, except for the bomb, are wiped 
clean and coated with a film of CRC 5-56 or WD-40. To un­
load the bomb it is necessary to use the unloading press of 
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Figure 25. A 1/2 inch carbide disc and 2-1/2 inch hardened 
plug is placed into the bore of the bomb and the press used 
to push out the sample and furnace assembly, which falls to 
the bottom of the unloading press. The bottom end is sealed 
with a tap screw which is removed to obtain the sample and 
furnace assembly. The furnace assembly is disassembled by 
breaking it open to obtain the sample container. In Figure 
24c a sample assembly from a completed run is displayed. The 
wire protruding from the top is the thermocouple. The shiny 
lower 3/4 of the cell is the lead foil casing. The upper 
1/4 of the cell is the lava sleeve of the base plug. The 
shiny lower part of it is due to the Molycoat being forced 
against the core. The upper portion of this sleeve is not 
as lustrous and is somewhat larger in diameter since the 
lava cone surface mates with the base plug at this point; 
evidently the Molycoat is absorbed by the porous lava. If 
one looks very closely at the end, the sealing ring can be 
observed. It has prevented flow of the talc cylinder around 
the piston. 
Temperature generation 
The heating unit is put into operation after the pressure 
is applied. If the final temperature is set after the 
fîpsired pressure level has been obtained, pressure cycling 
can occur. This can be eliminated by setting the final 
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temperature at a pressure 1-2 Kb below the desired value. 
Once the temperature has established itself, the pressure is 
increased to its final value. The lead wire is connected 
to the potentiometer in such a manner as to oppose the e.m.f. 
of the potentiometer generated set point. The power is 
switched on using the magnetic starter. The Krisel 100 is 
turned on after the desired temperature (in mv) has been 
set on the potentiometer. A potentiometer on the controller 
delivers a constant fraction of the load to the furnace. 
The approximate temperature is established using this po­
tentiometer. The temperature control is activated by switching 
a proportional controller on and adjusting the speed of 
response. In this manner one can control the temperature to 
within + 1°C. Before the Krisel 100 is switched on, water 
cooling of the bomb is started. A separate source and return 
line is used for each side of the bomb. 
Calibration of Piston-Cylinder 
Pressure calibration 
It is necessary to calibrate a piston-cylinder device. 
The solid pressure media are nonhydrostatic since they can 
support a certain amount of shear, hopefully as small as 
possible. The applied load and pressure at the sample can be 
quite different. It is convenient to define press friction as 
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the ratio of the difference between applied load and sample 
pressure to the applied load. For a hydrostatic device the 
friction is zero. In addition to friction, solids possess a 
hysteresis effect. For a Hookean solid there is no hysteresis 
effect. However, most solids are non-Hookean and are more 
properly viewed as elastico-viscous. Elastico-viscous solids 
can be modeled as a dashpot and spring in series, a so-called 
Kelvin or Voight model. This model exhibits the phenomenon 
of creep. For a constant force, the extension will gradually 
increase up to some maximum value. Upon release of the force, 
the model will slowly recover to its initial state. The 
hysteresis loop is normally assumed to be symmetric. 
In order to calibrate a device one must have a standard. 
As mentioned in the introduction, the normal procedure is to 
use room temperature first order phase changes in certain 
materials at high pressure as the standards. The true pres­
sure at transition is based on the results of several experi­
menters and agreed upon by convention. This is necessitated 
by the fact that truly hydrostatic liquid media devices cannot 
generate pressures at which these transitions occur. The 
liquid media solidify before the transition occurs. In 
addition to the characteristic step change in volume, some of 
these substances also exhibit a step change in resistance at 
the same point, providing a convenient method for detecting 
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the phase change. Lees (47) used an alternate method of 
calibration based on resistance change. The resistance of 
any metal increases or decreases rather continuously as a 
function of pressure. If a solid pressure medium undergoes 
a first order phase change, i.e., a step change in volume, 
the resistance of a metal contained within the medium will not 
change but remain constant until the volume change of the 
pressure medium is taken up by the applied pressure. The 
result is a knee in the resistance curve. The accuracy of 
this method is not as great as for the first method, but it 
does extend the known pressure range considerably. Pressure 
calibration accuracies are not great, being on the order of 
1-5%. In addition, the pressure can change for the same ap­
plied load when the temperature varies. The approach taken 
in this work was to determine an upper and lower limit to the 
pressure for a given load. Two methods were used. Method A 
used the sharp change in the resistivity of .the elements 
bismuth and thallium at the room temperature transition point, 
while method B used the sharp volume change at room tempera­
ture of the compounds potassium bromide and potassium nitrite 
detected by a sluggish change in the resistance of a bismuth 
wire. The values of the transition pressures of KBr and KNOg 
are known quite accurately since they lie within the range 
of measurement utilizing hydrostatic liquid medium devices. 
The table below lists values of the transition pressures. 
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Table 3. Pressure calibration points at room temperature 
Substance Transition Pressure (Kb)^ Method 
KNOg 6.2 B 
KBr 18.0 B 
Bi I+II 25.4 A 
Bi II-»-III 26.8 A 
T1 I+II 37 A 
^See references 47 and 48. 
The upper and lower limits were determined by utilizing 
two different pressure transmitting media. At high tempera­
tures the talc medium becomes soft and fluid like, so that the 
only friction present is that due to the press (ram, piston, 
etc.) itself. This can be measured by using silver chloride. 
AgCl is one of the most nearly hydrostatic solid substance 
known. In method A, a metal ribbon was prepared and placed 
between 1/16 inch thick AgCl discs. The AgCl discs were 
prepared in a pellet mold. Silver contacts were used to 
connect the ribbon to the outer edge of each disc. The 
resistance was measured by connecting leads to the power con­
nections. A 1-1/8 inch long carbide plug with a sealing ring 
was placed in the bomb to fill the bore, the AgCl cell in­
serted, and finally a base plug assembly (without center 
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hole) was positioned over the AgCl cell. Since AgCl is an 
insulator, the only current path was through the metal ribbon. 
The resistance of the connecting leads and press was deter­
mined, and the metal ribbon resistance obtained from the total 
resistance. The resistance was measured with a ESI resistance 
comparator. The comparator can measure resistances of 1 
milliohm to 100 megaohms. The accuracy of measurement is 
+(0.02% + 0.5 milliohm) below 0.1 ohm and +(0.2% + 7.5 milli­
ohm) above 0.1 ohm. For method B measurements, the AgCl 
cell was substituted by the materials in Table 5 and a Bi 
ribbon was used for the continuous resistance source. 
For the upper limit of friction, a talc pressure cell 
modeled after that of Boyd and England (2) was used. They 
have shown that this type of cell exactly replicates the be­
havior of a Boyd and England cell at room temperature. The 
cell used in this work consisted of base plug (without center 
hole) and a 1.000 inch long 0.492 inch diameter talc cylinder 
with a 1/8 inch bore. Two 1/4 inch long boron nitride plugs 
with a 1/32 inch hole for the Ag contacts encapsulated a 1/2 
inch long sample slug. For method A, the sample slug consis­
ted of an AgCl cylinder with a center hole for a Bi or T1 wire. 
For method B, the sample slug consisted of the test materials 
in Table 5 and a Bi wire in the center. The sample slug was 
prepared in a die. To ensure contact between the metal wire 
and the Ag contacts, an Ag disc was placed between each boron 
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nitride plug and the sample slug. 
The upper and lower pressure limits determine a pressure 
corridor, scsnewhere within which the sample pressure lies. 
It would be expected that the true pressure would lie closer 
to the measurements in the AgCl cell since all temperatures 
of interest are greater than 800 ®C. 
Temperature calibration 
The temperature can be measured using thermocouples, or 
by plotting a power versus temperature curve with pressure as 
a parameter. The power curve can then be used to measure the 
temperature without using the thermocouple. There are two 
shortcomings to this method. Since thermocouples are not used, 
the temperature cannot be controlled. The applied voltage is 
set at a certain level, and the power can vary. In addition, 
power curves are inherently less accurate than thermocouples. 
The power is measured as a function of temperature and pres­
sure for one cell, and used as a basis for the other, hope­
fully similar, cells. If measurements of very accurate 
temperatures are not necessary, this is not a serious short­
coming. Power curves were to be obtained at 0, 10, 20 and 
30 Kb up to 1700 ®C. 
In order to obtain accurate results, it is necessary to 
calibrate the thermocouples. The pressure affects the c.z.f. 
readings. The pressure effect has been measured by Getting 
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and Kennedy (17), but their measurements strictly apply only 
to an idealized case. Due to nonidealities in most devices, 
their results are probably accurate only to +10 ®C. If the 
thermocouple readings are not very accurate, this accuracy 
could decrease to +50 ®C in extreme cases. Since the thermo­
couples are destroyed after each run, only a lot calibration 
of the wire can be used. The 0.005 inch diameter W-3%Re/W-
25%Re wire supplied by Engelhard Industries was calibrated 
using an optical pyrometer. The 0.008 inch diameter Pt/Pt-
10%Rh wire, also from Engelhard, was calibrated in a Leeds 
and Northrup furnace against a NBS calibrated standard. Dif­
ference curves for each thermocouple were calculated and fitted 
with a n-th order polynomial in temperature. The reference 
e.m.f. in each case was calculated using a polynomial curve 
fitted to a standard table of e.m.f. values. For Pt/Pt-10%Rh 
a third order polynomial based on NBS Circular 561 was used, 
and for W-3%Re/W-25%, a fifth order polynomial based on Engel­
hard data file 6264 was used. 
Once the thermocouples were calibrated, the power curves 
were obtained. The temperatures measured were not corrected 
for the pressure effect. This can be more easily done after 
each experiment. Getting and Kennedy's (17) value for the 
pressure effect is added to the experimental e.m.f., and this 
value is used along with the difference curve to arrive at 
the true temperature. Pt/Pt-10%Rh thermocouples were used for 
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the power curves since they are more accurate, but they can 
be used only up to 1700 ®C. For temperatures larger than 
1700 ®C, the power curves must be extrapolated. 
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CHAPTER IV. RESULTS AND DISCUSSION 
Pressure and Temperature Calibration 
Experiments 
Pressure calibration 
The pressure calibration measurements are illustrated in 
Figures 26-33, the AgCl pressure media results being included 
in Figures 26-29 and the talc pressure media results in 
Figures 29-33. The temperature of the measurements was 21-
22 °C. For method B only increasing pressure measurements 
were taken, since the synthesis runs were raised to and held 
at a certain pressure. The pressure was not overdriven and 
bled back during the synthesis. For method A measurements, 
both increasing and decreasing pressure measurements were 
obtained to observe the hysteresis. The oil pressure can be 
converted to applied load values by multiplying by the intensi­
fication ratio of 64. 
The four calibrating materials were KNO^, KBr, Hi, and 
Tl. The KNOg was Baker "Reagent Grade" with an assay of 99.99 
per cent purity. The KBr was also Baker "Reagent Grade" with 
an assay of 99.9 per cent purity. The Bi was a high purity 
product from the American Smelting and Refining Company. The 
purity level was given as 99.99999+%. The Bi was obtained in 
pellet form so it was necessary to melt the pellets and fabri­
cate the Bi wire in a crucible mold. The wire in its final 
89 
KN02 IN AgCI 
PRESSURE MEDIUM 
0.00 16.00 32.00 48.00 
OIL PRESSURE (BARS) (xlO ) 
64.00 
Figure 26. Pressure calibration curve of KNOg I+II transition 
in AgCl cell 
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Figure 27. Pressure calibration curve of KBr l+ll transition 
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transition in AgCl cell 
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form was square in cross section (0.035 inch x 0.035 inch) 
and 6 inches long. This was squeezed between two plates to 
make the Bi ribbon. The T1 was obtained from the Ventron 
Corporation as a 1/2 inch diameter rod with a purity level 
of 99.998%. Tl is very poisonous and extreme care was 
taken when handling this material. It was cut into 1/16 
inch slices using a lathe especially designed and ventilated 
for cutting hazardous materials. Tl is very malleable, and 
the wire and ribbon were cut from the disc after it had been 
squeezed between two plates. 
In Figure 26, KNOg exhibits two sharp changes in re­
sistance. The knee at a load pressure of 80 b was taken as 
the KNOg transition. The sharp drop at 120 b is believed to 
be due to extrusion of the KNOg past the base plug and piston 
sealing ring. KNO^ is a very viscous substance and flows 
quite readily. The resistance increases monotonically be­
yond this point as would be expected until the Bi I+II 
transition at a gauge pressure of 450 b occurs (compare 
Figures 28 and 32). The KNOg transition is taken as occurring 
at an oil pressure of 70 b (+ 5 b). In Figure 27 the 
extrusion of KBr does not occur to such an extent as to cause 
a sudden drop in the resistance of Bi. The dip in the curve 
at about 80 b is due to extrusion, but it does not effect the 
resistance of Bi as radically as KNOg. The knee (due to the 
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KBr transition) is evident in the region around 300 b. 
The Bi I-*II transition occurs at about 450 b (gauge pressure) . 
The KBr transition oil pressure was 303 b (+ 2.5 b). The dif­
ference in the uncertainty intervals for KNO^ and KBr is due 
to the sluggishness of the KNOg transition as compared to the 
KBr one. A method A measurement on the Bi I+II and Bi II+III 
transitions is presented in Figure 28 for both increasing and 
decreasing pressure. The transition results in a de­
crease (increase) in resistance when increasing (decreasing) 
the pressure, while the II-»-III transition occurs with an 
increase (decrease) in resistance of smaller magnitude. The 
hysteresis is symmetrical and has a value of 10.3%. The 
values of these two indicated transitions based on increasing 
oil pressure were taken as 435 b for Bi I+II and 454 b for 
Bi II+III. The reproducibility of these values was 0.1% 
based on three runs. The T1 I+II transition in Figure 29 is 
also symmetrical, and the hysteresis is 10.3%. The T1 I+II 
transition on increasing pressure takes place at a gauge 
pressure of 634 b and the reproducibility of three runs was 
0.3%. The gauge pressure value of the Bi I-*-!! transition in 
the KNOg and KBr samples is larger than that of Bi in AgCl, 
indicating that AgCl is indeed a better pressure transmitting 
media. 
A HîGthcd B irisasureiûénL of KNOg 1» talc is displayed in 
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Figure 29. Pressure calibration curve of T1 I^II transition 
in AgCl cell 
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Figure 30. Upon comparison with Figure 26, it is obvious 
that a different type of behavior occurs. There is an initial 
drop in resistance. This is probably due to the shear strength 
and/or extrusion of talc. When the pressure reaches a certain 
value, about 80 b, compression of the KNO^ begins. The knee 
occurs immediately after this point at about 120 b. After 
the transition, there is a sudden drop in the resistance. 
This could be due to either of two things. The high pressure 
KNOg phase changes structure and properties so that it can 
now flow more readily into the rather porous talc cylinder. 
It might also be possible that the high pressure form of KNOg 
is extruded around the boron nitride plugs and through the 
center hole. When the pressure is released, the KNOg re­
verts to the low pressure phase form and the cell assumes 
its previous state. Reapplication of pressure repeats the 
same process. After the sudden drop in resistance, the re­
sistance of Bi increases until the I+II transition at an oil 
pressure 560 b occurs (compare Figure 28). The indicated 
transition oil pressure was measured and found to be 135 b 
(+ 15 b). A method B study of KBr in a talc cell displays 
the same type of behavior in Figure 31. The initial drop 
at 80 b is followed by a gradual increase in pressure until 
the knee at about 400 b. The decrease in resistance due 
to extrusion takes place immediately after this. followf»H hy 
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Figure 30. Pressure calibration curve of KNO 
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an increase in resistance. The Bi I+II transition finally 
occurs at 560 b (oil pressure) . The KBr transition is 
taken as occurring at a gauge pressure of 420 b (+ 15 b). 
The Bi transition by a method A measurement is displayed 
in Figure 32. When the hysteresis is compared with that of 
the same measurement in AgCl, it is obvious that it is not 
symmetrical. This is due to the nonhydrostaticity of talc, 
an elastico-viscous material. The and transi­
tions display the same uniform type of behavior as in Figure 
28. The transition interval is longer however. The indi­
cated gauge pressure of the transition was determined 
as 494 b and that of the transition as 534 b. The 
reproducibility was 1.0% based on three runs. When one 
compares Figure 30 and 31 with 32, it can be seen that Bi I+II 
transition in the AgCl sleeve occurs at a much lower pressure, 
again substantiating the fact that AgCl is the better pressure 
transmitting medium. The final calibration run, a method A 
measurement on Tl in talc, is shown in Figure 33. The transi­
tion is shown only for increasing pressure. The reason for 
this is that sudden fracture of the 1/2 inch carbide piston 
occurred at 750 b (48 Kb). The fractured piston is compared 
with a normal piston in Figure 34. It can be seen that failure 
of the unsupported area, where the carbide is jacketed with 
the ring, led to piston failure. The upper limit to the 
applied pressure is 750 b regardless of the type of cell. The 
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Figure 34. Side view of piston before (left) and after 
(right) fracture at high pressure 
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T1 I->II transition can still be measured, and has a gauge 
pressure value of 723 b. 
The final results of the pressure calibration are col­
lected in Table 4. The oil pressure has been converted to an 
applied load. These data are also plotted in Figure 35. The 
Table 4. Pressure calibration data 
Transition Method Pressure (Kb) in AgCl 
Pressure (Kb) 
in Talc 
KNOg B 4.5 8.6 
KBr B 19.4 26.9 
Bi I->II A 27.8 31.6 
Bi II+III A 29.0 34.2 
T1 I II A 40.6 46.3 
horizontal uncertainty intervals on the method B measure­
ments are due to the large volume of the sample. The sample 
volume lies in a pressure gradient so that not all of the 
material undergoes the transition until the pressure in the 
entire sample has reached the transition value. The vertical 
uncertainty interval for the true transition pressure of KBr 
is due to the hysterisis in the liquid media results of 
Bridgman (49). The uncertainty or region of indifference is 
3.8 Kb and is shown in Figure 35 by the vertical bar. Since 
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Figure 35. Pressure calibration curve up to 50 Kb for piston-cylinder apparatus 
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all the other values of the load pressure at transition and 
true transition pressure were known to within 0.2 Kb, these 
values are plotted without any uncertainty intervals. The 
sample pressure lies somewhere within the corridor estab­
lished by these upper and lower limits. 
To verify this calibration a high temperature transi­
tion point is needed. Strong and Bundy (50) found that an 
Fe/Pt-10%Rh thermocouple exhibits a discontinuity in the 
e.m.f. curve when plotted as a function of temperature. 
This is due to the Fe a^y transition, and it has been investi 
gated extensively by Clougherty and Kaufman (51) and Claussen 
(52) . The transition extends from 1 atm at 910 °C to 110 Kb 
at 500 ®C (the a,Y,e triple point). Using values of the 
load pressure from 10-20 Kb, attempts were made to find 
the temperature corresponding to the a+y transition at these 
points. An Fe/Pt/Pt-10%Rh thermotriplet was placed in the 
sample and furnace assembly. In this manner, the Fe and Pt-
10%Rh wires served as the Fe/Pt-10%Rh thermocouple and the 
Pt and Pt-10%Rh legs functioned as the temperature measuring 
thermocouple. The Fe element was thermocouple grade wire 
from Leeds and Northrup. A typical result is displayed 
in Figure 36. The a-^-y transition occurs at a Pt/Pt-10%Rh 
e.m.f. of 8.525 m.v. Using the calibration curves of the 
next section and the pressure corrections of Getting and 
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Kennedy (17), this corresponded to a temperature of 912 "C. 
The load pressure corresponding to this value was 10.2 Kb. 
Using the a+y transition data of Clougherty and Kaufman 
(51), this corresponds to a pressure of 1 atm. The reason 
for the large difference (10.2 Kb) between the applied load 
and sample pressure is due to the anvil effect. Johannes 
et al. (53) state that "shielding effects" can be produced 
with respect to the sample pressure (in this case the thermo­
couple) if a region peripheral to the test specimen con­
sists of a rigid material which does not transmit the pressure 
isotropically. The ceramic tube and disc constitute such a 
system. The pressure on the sample container is probably 
close to the load pressure, but the thermocouple bead is 
situated inside of the tube formed by the ceramic components 
above. These ceramics have a compressive strength of 20.4 Kb 
according to the manufacturer's specifications, and hence 
could support a load of 10.2 Kb. A second run at a 22.9 Kb 
load gave a transition temperature of 855 °C. According to 
the results of Claussen (52) the transition pressure is 7.5 
Kb for 855 °C. Based on this result, it is apparent that 
the anvil effect on the thermocouple results in a sample 
pressure which is 15.4 Kb smaller than the applied load. 
This also indicates that the pressure effect on the e.m.f. 
is much smaller than that based on the pressure calibration 
curve of Figure 35. Due to the fact that there is such a 
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large difference between the pressure at the thermocouple 
junction and the sample, it was impossible to find in which 
region of the pressure corridor of Figure 35 the sample pres­
sure lies at high temperature. In any event it is highly 
probable that there is a nonlinear relationship between the 
temperature and position of the sample pressure in this 
corridor, and that it is biased in favor of the upper curve 
(the high temperature limit). 
Temperature calibration 
The temperature was measured with thermocouples and 
these were used as the primary standards for the temperature. 
The W-3%Re/W-25%Re thermocouple was supplied with a lot cali­
bration using optical pyrometer methods by the supplier. This 
data is listed in Table 5. A fifth order polynomial in 
temperature (T) was fitted to Englehard's EI-6264 data file 
for the reference e.m.f. (E). The resulting equation is; 
E(mv) = -1.4233x10"^ + 9.9376xlO~^T + 1.8747xlO"^T^ 
-1.5050xl0~V + 5.4343xlO"^V 4.1 
-8.0140xl0"^^T^, for 0<T(®C)<2400. 
Above 400 the maximum deviation from the table values 
0:3% and the standard déviation w&c C.00752 in.v. Equation 
4.1 and Table 5 are compared in Figure 37. The two curves are 
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Table 5. Calibration data for W-3%Re/W-25%Re thermocouple 
Temperature (°C) E.m.f. (mv) 
0 0.000 
400 6.045 
500 7.979 
600 9.976 
700 12.007 
800 14.047 
900 16.064 
1000 18.059 
1100 20.025 
1200 21.974 
1300 23.847 
1400 25.70 
1500 27.49 
1600 29.23 
1700 30.91 
1800 32.53 
1900 34.07 
2000 35.53 
2100 36.89 
2200 38.12 
2300 39.18 
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Figure 37. E.m.f. of W-3%Re/W-25%Re thermocouple and 
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not identical but the difference is hard to detect. If the 
difference between these two values is calculated and 
plotted as a function of the measured e.m.f. of the thermo­
couple under investigation, a difference curve can be 
constructed. This has been done in Figure 38 where AE is 
the reference e.m.f. minus that measured by the thermocouple. 
This data was fitted to a second order polynomial in measured 
e.m.f. The calibration equation for the W-3%Re/W-25%Re is 
given by: 
AE(mv) = -2.5960x10"^ + 1.4393xlO"^E 
4.2 
-2.3857x10"V . 
Using the measured value of the e.m.f., E, Equation 4.2, 
and Equation 4.1, it is possible to find the temperature. 
The temperature in Equation 4.1 was solved for by using a 
Newton-Raphson algorithm programmed on a Hewlett-Packard 
HP-9100 A desk calculator. 
The temperature should be in excess of 400 °C since 
W-3%Re/W-25%Re e.m.f. readings are not reproducible below 
this temperature. The temperature limit of 2400 "C is set 
by melting of the ceramic insulators of this thermocouple. 
Bare W-3%Re/W-25%Re wire will give e.m.f. readings up to 
innn °r /sai 
The uncertainty envelope of Figure 38 is calculated by 
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Figure 38. E.m.f. difference curve of W-3%Re/W-25%Re thermocouple 
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adding the uncertainty of the type of thermocouple under 
consideration to the fitted curve. This uncertainty directly 
corresponds to the standard deviation. The ASTM (54) recom­
mends the values in Table 6 for W-Re and Pt-Rh type thermo­
couples . 
Table 6. Uncertainty intervals of W-Re and Pt-Rh type 
thermocouples 
Thermocouple Type Temperature Range (®C) Uncertainty (®C) 
W-3%Re/W-25%Re 400-1300 3 
1300-1600 4 
1600-2400 8 
Pt/Pt-10%Rh 0-1100 0.5 
1100-1750 2.0 
The same procedure was followed for the Pt/Pt-10%Rh 
thermocouple wire. The reference e.m.f. was taken from the 
N.B.S. Circular 561. The reference e.m.f. was fitted to a 
third order polynomial in temperature, viz., 
E(rav) = -5.3895x10"^ + 6.9315xl0"^T 
+3.5458x10"V - 8.3004xl0~^°T^, 4.3 
for 0<T(*C)<1750. 
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The maximum temperature is limited to 1750 °C by the melting 
of Pt. The maximum deviation of Equation 4.3 is 0.6% above 
400 ®C, and the standard deviation is 0.0204 mv. The measured 
e.m.f. of the thermocouple, obtained in a Leeds and Northrup 
thermocouple calibration furnace equipped with an NBS cali­
brated Pt/Pt-10%Rh thermocouple, is presented in Table 7. 
The maximum temperature of the furnace is 1050so the 
calibration could not be extended to 1750 °C. However, 
Roeser and Lonberger (55) point out that extrapolation from 
1000 "C is valid for Pt/Pt-10%Rh as long as the extrapolation 
is based on a difference curve. The data of Table 7 and 
Equation 4.3 is shown in Figure 39. Using the data from 
Figure 39, the difference curve of Figure 40 was prepared. 
The difference curve could be fitted by a third order poly­
nomial in the measured e.m.f. The resulting equation is given 
by: 
AE = 1.4488x10"! - 9.1784xl0"^E + 1.5412xl0"^E^ 
4.4 
-7.2962xlO"^E^, for T>300°C. 
Below 300 ®C, the NBS circular table was used since AE was 
less than 0.0005 mv. 
The final step in the calibration experiments was a power 
versus temperature measurement. The applied power was measured 
using the voltmeter and ammeter of the control panel as a 
114 
Pt/Pt-IO%Rh CALIBRATION 
14.00-
12.00 
10.00 
5 8.00 
u_ 
Z 
w 6.00 
4.00 
REFERENCE EMF o 
MEASURED EMF A 
2.00 
0.00, 
0.00 2.00 4.00 600 8.00 10.00 12.00 14.00 
TEMPERATURE CO (xiof) 
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Table 7. Calibration data for Pt/Pt-10%Rh thermocouple 
Temperature (®C) E.m.f. (mv) 
o
 
o
 
0 . 0 0 0  
3 3 8 . 4  2 . 6 6 9  
4 4 3 . 0  3 . 6 6 2  
5 2 0 . 8  4 . 4 2 3  
6 2 8 . 0  5 . 5 0 7  
7 1 9 . 8  6 . 4 6 4  
8 1 9 . 8  7 . 5 3 8  
9 2 5 . 0  8 . 7 0 3  
1 0 1 4 . 4  9 . 7 2 0  
function of temperature obtained from the calibrated 
Pt/Pt-10%Rh thermocouple. The pressure was held constant 
at 0.6 (^^), 10, 20, and 30 Kb. The results of these meas­
urements are displayed in Figure 41. The power required per 
degree of temperature at constant pressure decreases at high­
er temperature due to the effect of temperature on the re­
sistance of graphite. As the temperature increases, the 
resistance increases. At the same temperature, a higher 
pressure requires a larger amount of power. This is due to 
tile fâct. uilâc Lî'iê resistance ûZ yïâphité uéûïéâsêâ âS the 
pressure increases. 
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Figure 41. Power curves for high pressure piston-cylinder apparatus 
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Results of High Pressure-High Temperature 
Chemical Synthesis 
The tantalum-sulfur and metal-telluride systems were 
studied at 10-30 Kb and 1000-1600 ®C. The samples were 
loaded into the boron nitride sample cell as described in the 
procedure and reacted for 15 to 30 minutes. The sample cell 
was broken open after completion of the run and the sample 
carefully picked from the cell using a pair of tweezers. 
The samples were examined by X-ray, electron microprobe, 
and photomicrograph techniques. 
The X-ray methods used included both powder and single 
crystal methods. A Guinier camera was used to obtain the 
powder patterns. A description of the Guinier method is given 
by Westman and Magneli (56). By using strictly monochromatic 
X-rays and a prism focusing system, the resolution and hence 
the accuracy of a Guinier pattern is significantly better 
than that of the more conventional Debye-Scherrer patterns. 
The Guinier camera used in this work had a diameter of 80 mm, 
a 26 range of 60®, and used monochromatic Cu radiation 
(X = 1.5405 A). To determine the angle of reflection 0, a 
small amount of an internal standard must be added to the 
sample. Silicon (f.c.c.) was used as the internal standard. 
It has a lattice parameter of a = 5.43070 a at 25 °C (57). 
The single crystal studies were carried out using a 
Charles G. Suppar Co., WeissenLsry camera lOi. notation and 
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layer photographs. Peak height intensity data was obtained 
from a Hilger-Watts four-circle automatic diffractometer, 
coupled with a SDS 910 computer described by Dahm et al. 
(58) . 
Electron microprobe samples were prepared by either 
mounting the sample in a block of lucite and graphitizing it 
or by mounting it in a block of copper bearing plastic. 
Weight fractions are obtained from the electron microprobe 
using the equation 
Y-=exp[-(W y PX)], 4.5 
^o ^ 
where 
I = intensity of reflected beam, 
= intensity of incident beam, 
= weight fraction of element A, 
U = mass absorption coefficient of A at wavelength, X, 
p = density of sample, 
and 
X = sample thickness through which beam is transferred. 
PX is a constant for a substance and y, is established 
\ 
using a standard. The analysis proceeds by scanning for the 
desired element, preparing standards of these elements, 
choosing the optimum wavelengths for the absorption of the 
incident radiation by the element, and calibrating the probe. 
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Based on the calibration, the compound can be then analyzed. 
Accuracies of 0.1% are possible depending on the standard. 
The probe itself consists of an electron gun which 
emanates electrons focused by a series of magnetic lenses to 
within Ip. The electrons strike the sample and cause the inner 
electrons of the sample to fluoresce emitting X-ray radia­
tion of and wavelengths. A bent-crystal spectrophoto­
meter analyzes the X-rays emitted by the sample. Usually 
two or more bent-crystals are needed if the analysis is to 
cover a wide range of elements. The sample surface must be 
quite flat so that there is a uniform distribution of X-rays. 
The sample and mount were placed in a "Syntron" and ground 
with some alumina powder to provide a flat surface. The 
microprobe used in this research was an Applied Research 
Laboratories Model EMX Electron Microprobe X-Ray Micro-
analyzer. 
Prior to submittal for microprobe analysis, photo­
micrographs of each sample were prepared. A microscope 
specially adapated for micrography was used to obtain the 
photomicrographs. 
Tantalum-sulfur system 
The 99.995% pure tantalum powder used in this work was 
prepared at the Ames Laboratory-USAEC. The sulfur was 
acquired from American Smelting and Refining Company as 
99.999% sulfur. A sample of TagS was prepared using high 
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temperature annealing technique. 
Preparation of Ta^S^-Ta^S system The TagS samples 
were loaded into the BN cell and reacted at 28-29 Kb and 1300-
1600 ®C for 15-30 minutes. Those samples which were held 
below about 1500 ®C were identified as TagS by its x-ray 
powder pattern. For temperatures above 1500 ®C, the powder 
patterns indicated that the reactions resulted in formation 
of a new compound. The powder pattern fcould not be indexed 
on the basis of either Ta^S or TagS. It was assumed that a 
lower sulfide was not formed since the powder patterns did 
not indicate the presence of Ta. The X-ray powder pattern 
for this system is listed in Table 8. Several attempts were 
made to obtain single crystal X-ray photographs, but every 
crystal proved to be polycrystalline. For this reason it 
was impossible to index the pattern in Table 10 using 
single crystal techniques. For pure component system with 
high symmetry (tetragonal or higher), it is possible to use 
2 
sin ' 6  values to index a powder pattern using Ito's method 
(see Azaroff and Buerger (59)). The powder pattern of Table 
10 was too complex to index using the Ito method. Photo­
micrographs of this system were obtained and are shown in 
Figure 42. The photomicrographs indicate the presence 
of two phases. Several email white crystals are embedded in 
a dark gray matrix. The black areas are due to surface voids. 
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Table 8. X-ray diffraction pattern for previously un­
reported Ta^Sg-Ta^S system obtained at 29 Kb 
and 1500 »C 
Line Number Intensity 0 sin^0 X 10^ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
vw 
w 
s 
s 
m 
m 
vs 
m 
m 
vs 
m 
w 
vs 
w 
w 
w 
m 
m 
m 
m 
s 
6.700 
6.938 
7.640 
11.37 
13.69 
14.41 
15.53 
15.69 
16.28 
16.37 
16.74 
16.97 
17.24 
17.66 
18.06 
18.18 
18.33 
18.53 
18.60 
18.78 
18.96 
1361 
1459 
1768 
3890 
5603 
6192 
7167 
7314 
7863 
7943 
8294 
8522 
8784 
9207 
9611 
9735 
9890 
10100 
10170 
10360 
10560 
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Table 8 (Continued) 
2 c 
Line Number Intensity 0 sin 9 x 10 
22 m 19.18 10790 
23 w 19.32 10950 
24 w 19.61 11270 
25 w 19.82 11490 
26 vs 20.03 11730 
27 vs 20.11 11830 
28 vw 20.24 12680 
29 w 21.14 13010 
30 m 21.33 13230 
31 vw 21.86 13870 
32 vw 22.22 14300 
33 m 22.78 14990 
34 vw 23.32 15670 
35 m 23.52 15930 
36 w 24.71 17480 
37 vw 25.16 18080 
38 vw 25.77 18900 
39 vw 26.47 19870 
40 w 29.09 23640 
41 w 29.28 23910 
42 m 29.93 24890 
43 m 30.50 25770 
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Table 8 (Continued) 
2 5 
Line Number Intensity 9 sin 0 xlO 
44 vw 31.14 26750 
45 vw 31.58 27430 
46 vw 31.96 28010 
47 s 32.80 29350 
48 s 33.00 29660 
49 w 33.68 30750 
50 w 33.85 31020 
51 vw 36.33 35100 
52 vw 36.57 35500 
53 w 39.02 39640 
54 w 40.49 42160 
55 w 41.80 44420 
56 w 43.65 47650 
The microprobe scan of the sample revealed the presence of 
two phases. The sample scan rate was continuously monitored 
on a strip recorder. The scan rate itself was By per 
minute. Each of the two phases was then sampled for 37.85 
seconds to determine the weight per cent of tantalum and 
sulfur. The molecular weights of Ta and S were then used to 
m-
m* 
1 
Mi? 
Figure 42. 
(a) (b) 
Photomicrographs of Ta^S crystals (white areas) in Ta^Sg matrix 
synthesized at 29 Kb and 1500 ®C ((a) X75 and (b) X400) 
to 
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convert the weight per cent to atomic per cents. A typical 
result of the sampling is presented in the histogram of 
Figure 43. The two phases were found to have sulfur atomic 
per cents of 12.5 for the crystals and 30.0 for the matrix 
so that these two phases were identified as Ta^S and Ta^S^. 
No extended range of homogeneity was evident. The standard 
used was VS^ which was analyzed by combustion analysis. As 
a check on the standard, a sample of Ta^S identified from its 
powder pattern was analyzed. The mean composition from the 
microprobe analysis was 14.31, while the per cent based on 
the formula Ta^S is 14.29. The peak to background ratio on 
the Ta^Sg-Ta^S analysis was 31 for Ta and 189 for S, resulting 
in sensitivities of 0.08% for Ta and 0.02% for S. 
The compositions Ta^S and Ta^S^ are not believed to be 
substitutional compounds of either TagS or Ta^S or a solid 
solution of Ta and S since there is no similarity of the 
powder patterns to either Ta^S, TagS, Ta, or S. 
Preparation of Ta^S Attempts were made to synthesize 
Ta^S since small Ta^S crystals in the matrix of TaySg were 
formed. A stoichiometric mixture of 7Ta+S with 10% excess S 
was loaded into a BN cell and reacted at 29 Kb and 1600 °C 
for 30 minutes. The resulting powder pattern of Table 9 
was completely different from Table 8 and was not similar 
to either TagS or Ta^S. It did indicate the presence of Ta. 
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Figure 43. Histogram for electron microprobe analysis of Ta^S crystals 
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A thin top layer of the sample yielded several single 
crystals of good quality. However they proved to be crystals 
of Ta^S with no similarity to the rest of the sample. As 
before, several attempts at mounting what appeared to be 
single crystals of the new product resulted in polycrystalline 
Table 9. X-ray diffraction data for previously unreported 
Ta^S obtained at 29 Kb and 1600 ®C 
Line number Intensity e sin^e X 10^ 
1 s 4.151 524 
2 w 5.384 881 
3 vw 7.325 1626 
4 m 8.202 2036 
5 vw 11.37 3889 
6 w 12.40 4609 
7 w 14.52 6290 
8 w 14.78 6507 
9 vw 15.48 7125 
10 s 17.00 8552 
11 m 17.58 9120 
12 w 18.24 9794 
13 vs 19.10 10700 
14 m 19.31 10940 
15 w 19.56 11210 
16 vs 20.22 11950 
17 m 20.48 12240 
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Table 9 (Continued) 
2 5 
Line number Intensity 0 sin 9 x 10 
18 m 20.70 12600 
19 vw 25.33 18310 
20 vw 25.42 18420 
21 vw 25.51 18550 
22 vw 25.79 18930 
23 s 27.59 21450 
24 w 30.07 25100 
25 vw 30.33 25550 
26 m 32.70 29190 
27 m 33.23 30030 
28 w 33.58 30590 
29 s 35.13 33120 
30 vw 35.85 34300 
31 vw 36.10 34720 
32 vw 36.46 35310 
33 w 36.80 35870 
34 w 37.15 36470 
35 w 39.19 39940 
36 w 40.66 42450 
37 w 43.06 46620 
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patterns. Ito's method was tried but the powder pattern was 
too complicated to index. A microprobe mount was prepared 
and the photomicrographs of Figure 44 were obtained. Two 
phases again appear to be present. The large white globules 
and white streaks compose one of the phases and a gray matrix 
the other. A microprobe analysis of this system confirmed 
that the white areas were Ta 
finding. The matrix was 
atomic per cent sulfur 
identified as Ta^S. 1 
5^ the powder pattern 
^position of 25 
pew phase was 
range of 
3d to be a 
olid solution cf 
&ttern to that of 
Resemblance to the 
homogeneity. This con 
substitutional compound 
Ta due to the dissimilar] 
TagS, TagS, and Ta. It also 
Ta^Sg-TayS system. 
As a last resort, crystal growth of a sample of 
Ta^Sg-TayS was tried by annealing it at 500 ®C. The sample 
was placed in an 8 mm Vycor tube sealed at one end. The tube 
- 2  
was evacuated to 10 torr and sealed off with a gas-oxygen 
torch. The tube was placed in a muffle furnace and raised 
to 500 ®C. The sample was held at this temperature for 
approximately one week. This sample was checked for possible 
decomposition with the microprobe. The Ta^Sg phase was stable, 
but the Ta^S crystals were found to have decomposed to Ta 
(a) (b) 
fure 44. Photomicrographs of Ta^S (gray areas) surrounded by streaks and globules 
of Ta metal (white areas) formed at 29 Kb and 1600 ®C ((a) X75 and (b) 
X400) 
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metal. The Ta^Sg matrix was still polycrystalline. No 
further attempts were made to obtain single crystal growth 
of Ta^S or Ta^S^ using high temperature annealing tech­
niques for these reasons. 
The final study of the Ta-S system involved an attempt 
at crystal growth and synthesis of the pure component phases 
of Ta^Sg and Ta^S. A molar mixture of 7Ta+3S with 11% excess 
sulfur was reacted at 30 Kb and 1500 ®C for 30 minutes. A 
molar mixture of 3Ta+S with 3% excess sulfur was reacted 
at 29 Kb and 1500 ®C for 30 minutes. The first reaction re­
sulted in only Ta^S as verified by the powder pattern, while 
the second reaction had a powder pattern identical to that of 
Ta^S with no Ta present; all the crystals proved to be poly­
crystalline. 
Based on the results of this study a very tentative phase 
diagram at 30 Kb for this system is being proposed and is 
displayed in Figure 45. This phase diagram indicates that 
previous knowledge of the Ta-S system has been extended using 
high pressure techniques to include the newly synthesized 
compounds Ta^S, Ta^S, and Ta^S^. These stoichiometries are 
only approximate. The real test of these values must be made 
using single crystal X-ray diffraction methods. It is also 
assumed that all phases formed at 30 Kb are metastable at 
atmospheric pressure and room temperature. Several other 
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Figur(ï 45. Tentative phase diagram for Ta-S system at 30 Kb 
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compounds could exist at these pressures and temperatures 
which are not metastable at atmospheric pressure and room 
temperature and hence were undetected in this work. 
Single crystal study of TagS phase formed at high pressure 
The single crystals obtained from the reaction of the 
7Ta+S mixture were examined under a low power Bausch and Lomb 
microscope. A single crystal was mounted on the end of a 
glass fiber with Duco cement. This crystal had dimensions of 
43y X 43y X 127y and was tetragonally shaped. It is displayed 
in Figure 46. Rotation and 0 k 1 and 1 k 1 layer photo­
graphs indicated that the lattice was orthorhombic. The 
systematic extinctions were found to be: 
h k 1; no conditions 
h k 0: no conditions 
h 0 1: 1 = 2n 
0 k 1; k = 2n. 
These extinction conditions indicate that the space group is 
Pfacm* Approximate lattice parameters were obtained from the 
rotation and zero layer photographs and were found to be 
O O O 
a=7.38 A, b=5.60 A, and c=15.17 A. Although this crystal ap­
peared to be TagS, it was decided to do a single crystal study 
of this phase since some small shifts in the parameters might 
have occurred at high pressure. 
Figure 46. Single crystal of high pressure form of TagS 
(X150) viewed from side (a) and front (b) 
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(a) 
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A Hilger-Watts four-circle automatic diffractometer, 
coupled with a SDS 910 computer measured peak height inten­
sities in one octant with 0£3O®. A crystal monochromator 
was used with Mo K radiation to collect data for 517 re-
a 
flections. 
Due to the finite size of any crystal it is necessary 
to correct the incident and reflected radiation for ab­
sorption effects. This correction is usually calculated 
using the transmission factor A* for each reflection. A* 
is given by: 
A* = I 
V 
expE-wtr^+r )]dV, 4.6 
where 
V = volume of crystal, 
r. = path length of incident radiation through the 
crystal, 
r^ = path length of reflected radiation through the 
crystal, 
and 
y = linear absorption coefficient of the crystal. 
This integral was calculated for each reflection using a 
computer program written by Scott (60). Using the dimensions 
from Figure 45 and a linear absorption coefficient of 1111 
cm for Ta^S, the values of A* were calculated and found 
to vary from 0.02200 to 0.05117. 
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It is also necessary to correct each reflection for the 
Lorentz and polarization effects. The Lorentz correction 
is required since each reflection is scanned for a different 
time at a constant sample rate depending on the Bragg angle. 
The polarization effect results from partial polarization of 
the diffracted beam; the incident beam is also partially 
polarized due to the Crystal monochromator. These effects 
are usually combined into the Lorentz-polarization factor, 
Lp, for each reflection and is expressed by: 
cos^29 + cos^20 
L = ^ 4.7 
^ 1 + cos 29„ sin20 
M 
where 8^ is the crystal monochromator angle setting and 8 
the Bragg angle of the particular reflection. 
The intensity, I, of each reflection with indices 
hkl is then related to the structure factor by the 
expression; 
'hkl = 4.8 
in which k is an arbitrary scale factor and a constant for 
all reflections and h, k, and 1 are the Miller indicies for 
the reflection. 
The structure factor is related to the atomic positions 
in the unit cell by the expression 
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N 
F.,, = Z f. exp[-2ni(hx.+ky.+lz.)]r 4.9 
"Jti J J J J 
where 
N = numfcxîr of atoms in the unit cell. 
and 
fj = atomic scattering factor of atom j, 
= fractional coordinates of atom j in the 
J J ^ unit cell. 
Since the space group is centrosymmetric. Equation 4.9 
reduces to: 
N 
F,,, = Z f. cos 2Tr(hx.+ky .+lz.) . 4.10 
j—2 J J J J 
The electron density in the unit cell is expressed by 
an equation quite similar to 4.9 and is 
00 00 00 
P(x,y,z) = y 2 Z Z exp[-2TTi(hx+ky+lz) ] 
h=—00 ]^=—00 J_=—00 
4.11 
where P is the electron density and V is the volume of the 
unit cell. The central problem in X-ray crystallography is 
the phase problem which for centrosymmetric structures 
resides in assignment of the correct sign to F^^^ in 
Equation 4.11. There are several methods available such as 
heavy atom methods, trial and error methods, direct methods, 
Vtswwwa.  AL iC *  X  A lC A.  AA WC J .  O  ^  C.W 
Stout and Jensen (61) for a discussion of these procedures. 
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Normally a very rough model in the early stages is used along 
with Equation 4.10 to obtain for all the observed re­
flections. Using the sign from Equation 4.10, and Equations 
4.8 and 4.11 an electron density map is calculated and, hope­
fully, an improved model appears. One works back and forth in 
this manner until all the atoms are found. 
The final step in the crystal structure determination is 
refinement of the structure. The atomic positional parameters 
and the scale factor are refined until the weighted sum of 
the differences between the observed and calculated structure 
factors is a minimum. The weights are taken to be the un­
certainty in the observed structure factor, a^,. It is 
necessary in the final stages of this procedure to introduce 
temperature factors. These can be of three types, viz., 
overall, individual isotropic, or anistotropic. The tempera­
ture factors are related to the atomic scattering factor. 
Due to thermal vibration modes this factor must be modified 
by an exponential term. For an overall temperature factor 
each scattering factor is given by: 
fj = f^j exp(-B sin^0/X^). 4.12 
f^j is the scattering power of an equivalent number of 
electrons located at the position of the atomic nucleus 
and is listed in tabular form in many sources. B is the 
overall temperature factor and the same for all atoms. 
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For individual isotropic temperature factors the analogous 
equation is: 
fj = f^j exp(-Bj sin^e/X^). 4.13 
In this case Bj is different for each atom. The ultimate 
in the refinement utilizes individual anisotropic tempera­
ture factors. They are related to the atomic scattering 
factor by: 
fj = f^j exp[-(6iih2+B22k^+622l^+2Gi2hk+2Gi3hl 
+ 2323^1)sin^e/X^] . 4.14 
The are the parameters associated with the anisotropic 
temperature factors and are different for each atom. 
The goodness of fit in the refinement is expressed in 
terms of the reliability index and is called the R factor. 
R is given by: 
R = Z|Fo-fcl/Z|fol' 4-15 
where is the observed structure factor, F^ is the calcu­
lated structure factor, and the summation proceed over all the 
observed intensities. 
Of the 517 reflections collected, it was decided to 
accept those as "observed" for which F^ > 3a_, corresponding O r 
to a 99.9% confidence level if one assumes F is distributed 
o 
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normally, is obtained from Equation 4.8 by the rela­
tionship: 
3Lp p 
where A is the reciprocal of A* and the reciprocal of L^. 
According to this criteria there were 345 "observed" re­
flections. 
Accurate lattice parameters were obtained from 34 of the 
reflections with the highest intensities. These reflections 
and the computer program LCR2 written by D. Williams (62) were 
used in a least squares refinement. The results of this re­
finement yielded the following lattice parameters: a=7.379 + 
0.002 A, b=5.567 + 0.001 A, and c=15.208 + 0.003 A. The 
agreement between observed and calculated values of 6 is 
shown in Table 10. 
Due to the fact that the lattice parameters and the space 
group were identical to TagS, it was assumed that the assign­
ment of phases was not necessary. Using the intensity 
data, the refined lattice parameters, and the positional 
parameters of Franzen and Smeggil (25), the refinement step 
was executed using the ORFLS computer program written by 
Busing, Martin and Levy (63) . in the initial stage individual 
isotropic temperature factors were assumed. The unit cell 
of TagS has eight asymmetric units so that there were only 
six atoms which required refinement. Of these six atoms 
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Table 10. X-ray diffraction data for lattice constant re­
finement of TagS formed at 29 Kb and 1600 ®C 
h k 1 28 . 
observed 20 calculated I/Io X 
10 0 5.52 5.51 58 
3 0 0 16.60 16.60 55 
0 0 2 5.34 5.35 67 
3 0 2 17.46 17.46 76 
2 0 4 15.42 15.41 32 
6 0 4 35.34 35.35 36 
0 0 6 16.10 16.11 49 
10 6 17.04 17.04 40 
2 0 6 19.58 19.58 99 
4 0 6 27.56 27.56 40 
0 0 8 21.52 21.54 29 
3 0 10 31.88 31.88 45 
0 0 12 32.54 32.56 88 
3 10 18.16 18.16 51 
3 11 18.36 18.36 40 
2 13 15.52 15.52 69 
2 14 17.08 17.08 41 
1 1 5  16.28 16.27 64 
1 1 6  18.56 18.56 53 
1 1 7  20.98 20.97 27 
0 2 1 14.90 14.90 47 
144 
Table 10 (Continued) 
h k 1 
^®observed ^^calculated I/I^ X 10^ 
2 2 11 18.58 18.59 43 
5 2 1 31.74 31.74 31 
0 2 3 16.74 16.74 41 
1 2 3 17.64 17.64 100 
4 2 5 30.00 30.00 53 
4 2 7 32.88 32.88 43 
1 2 9 29.04 29.02 36 
2 2 9 30.64 30.63 33 
3 3 0 27.74 27.75 30 
2 3 4 27.04 27.03 34 
1 3 6 28.02 28.02 29 
4 3 6 35.60 35.58 26 
0 4 0 29.56 29.57 88 
(4Ta+2S), two Ta atoms are in a mirror plane and one sul­
fur is in a glide plane, so that the number of positional 
parameters is reduced from 18 to 14. The scale factor ïc and 
the individual isotropic temperature factors brought the total 
number of parameters to 21 so that there were 16 data per 
variable. The results of this refinement are displayed in 
Table II. The unweighted R factor after two cycles of re-
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Table 11. Positional and thermal parameters for high pressure 
form of TagS using individual isotropic thermal 
parameters 
Atom Wycoff Notation lO^x/a lO^y/b lO^z/c 
®2 
B(A^) 
Ta (1) e 965(2)* 8939(3) 897(1) 0.70(7) 
Ta (2) e 2827(2) 3940(2) 1540(1) 0.67(7) 
Ta (3) d -76(3) 6318(4) 2500 0.68(8) 
Ta (4) d 3526(4) 8734 (4) 2500 0.65(8) 
S (1) c 1792(23) 2500 0 0.97(30) 
S (2) e 4086(15) 7683(21) 970(7) 0.77(20) 
^Figure in parentheses refers to uncertainty in least 
significant digit. 
finement was 0.079. The final step in the refinement was the 
use of anisotropic temperature factors and a weight revision. 
The weights were revised so that the slope of a straight 
2 2 line obtained from a plot of {Pg-F^l/Op versus jF^I 
had an approximately zero slope. In this manner it is pos­
sible to define another test for the goodness of fit called 
the standard deviation of an observation of unit weight and 
is given by: 
[J:(|Fq-FCI VaF^)/m-n]^/2 ' 4-17 
where m is the number of observed reflections and n the 
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number of variables. The results of this weighting scheme 
are shown in Figures 47 and 48. The reflections were divided 
into 20 intervals based on F^. Within each interval an average 
value of jF^-F^I and was calculated and jF^-F^j^^ /Op 
avg 
plotted versus the median value of F^ within this interval. 
The average value of was then revised so that the straight 
line slope was zero. 
Two cycles were used in this final refinement. There 
were now 14 positional, the scale factor ic, and 30 tempera­
ture factors for a total of 45 parameters. Some of the 
temperature factors for the special positions are zero due 
to symmetry requirements. The final refinement had 8 data 
per variable. After refinement the R factor decreased to 
0.07 and the goodness of fit defined by Equation 4.17 was 
0.847. The final values of the thermal and positional 
parameters are listed in Table 12. To determine the errors 
in the data and the final refinement parameters an electron 
density and Fourier difference map were calculated. The 
electron density map resulted in six peaks, all of which 
were coincident with the final values of the refined position­
al parameters. The Fourier difference map uses Equation 
4.11 but replaces F (F ) by F -F . In this way, one can 
° °hkl ° c 
tell if it is necessary to add electrons to or subtract 
electrons from the structure. Of course one does this by 
3.00 
2.50-
2.00-
CViU. 
 ^ 1.50 
uP 
LiP 1.00 
0.50-
0.00 
UNREFINED WEIGHTS 
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Figure 47. Standard deviation of observation of unit weight before refinement 
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Figure 48. Standard deviation of observation of unit weight after 
refinement 
Table 12. Positional and thermal parameters for high pressure form of Ta S using anisotropic 
thermal parameters 
Atom Wycoff iîlotation lO^x/a 10*y/b 10*z/c 104022 10**12 104gi3 
Ta (1) e 965(2) 8940(3) 897(1) 20(4) 115(9) 3(1) 1(3) -1(1) 0(2) 
Ta (2) e 2826(3) 3940(3) 1541(1) 19(4) 94(8) 6(1) -5(4) 1(1) 0(2) 
Ta (3) d -76(3) 6319(4) 2500 20(6) 10(12) 5(1) 0(5) 0 0 
Ta (4) d 3524(4) 8729(4) 2500 17(6) 100(11) 5(1) 6(5) 0 0 
S (1) c 1795(20) 2500 0 29(30) 22(48) 12(6) 0 0 -4(14) 
S (2) e 4093(14) 7694(20) 961(7) 34(20) 91(37) 3(4) -49(21) 3(7) -7(10) 
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adding or deleting atoms. The difference map resulted in 8 
peaks with 4-3 excess electrons. All other peaks contained 
less than 2.5 electrons. These 8 peaks are listed in Table 
O 
13. The first four peaks lie within 1 A of the center of 
O 
Ta (3) and the last four within 1 A of the center of Ta (1). 
Hence, these differences are due to small errors in the 
data. Figure 49 lists values of the observed and calculated 
structure factors based on the parameters of Table 14. 
Figure 1 of Franzen and Smeggil (25) was used to 
plot the atomic positions in projection down the b-axis. This 
is shown in Figure 50. The interatomic distances were obtained 
Table 13. Positional parameters and magnitude of peaks from 
Fourier difference synthesis of high pressure form 
of TagS 
lO^x/a 10\ /h  lO^z/c Peak Magnitude (electrons) 
8 195 391 3.5 
0 250 391 4.0 
0 195 891 3.5 
0 250 891 4.0 
8 184 125 3.0 
203 63 391 3.0 
289 152 594 3.0 
31 180 641 3.0 
0 1  10 226 237 K L  FC ce  4  10  178 -195 3  11 155 -149 3  6 470 -478 4  2  193 202 
K L PC PC 1  11  136 -142 0  0  qq -99  4  11  63  75 3  12 313 •>31 3  7  179 -198 4  3  191 -194 
0  2  399 -419 1  12 71 79  0  4  357 343 5  137 153 4  0  303 -427 3  8  50  -36  4  4  432 -451 
0  4  234 -225 1  13  218 -229 0  6  79® -747 5  2  140 -153 4  1  63  62 3  9  58  -45  4  5  89  86  
0  6  592 -564 1  14 2  24  -230 0  A 76  62  5  3  381 366 4  2  339 361 3  10 316 297 4  6  82  82  
0  8  525 446 l  1 !  164 163 c  IC 330 319 5  4  168 156 4  3  46  -43  4  0  45  -35  
0  10  439 -365 1  16 95  103 0  12  53  48  5  5  110 -101 4  4  237 -244 4  56  66  6  
0  12  Q92 956 2  C 91  106 0  14  278 -305 5  6  72 -72  4  5  69  -73  4  2  146 150 l  FO FC 
0  14  176 -169 2 1  235 -264 1  0  97^ 100 5  7  71  -60  4  6  61  54 4  3  87  -97  0  0  167 -156 
0  16  279 -292 2  2  74  70  1  1  161 -166 5  9  97  90  4  7  52  49  4  5  89  -93  0  2  425 -369 
2  0  63  66 2  3  717 694 1  2  165 200 4  8  330 -320 4  6  282 -296 0  4  605 639 
2  l  496 646 2  4  134 -123 1  3  496 -528 4  9  112 96  4  7  71  65  0  6  42  -32  
2  3  502 575 2 5  191 -155 1  4  416 -415 H «  3  4  10  447 407 4  8  83  -79  0  8  322 324 
2  4  158 -156 2  6  165 -151 1  5  169 175 K L PO = C 5  0  64  — 60  5  3  71  70 0  10  402 -393 
2  5  288 -297 2  7 58  63  1  6  48  49 0  0  626 593 5  306 335 1  0  153 151 
2  6 53 43 2 9  550 -620 1  8  261 - 2 2  r  0 2  595 -643 5  3  217 221 H m 5  1  299 -261 
2  ? 123 -115 2 10  114 121 1  9  336 337  0 4  266 268 5  5  95  -94  K L FQ = C  1 2 170 -170 
2  B 7C -73  2 11  307 313 1  10  163 150 0  6  138 -134 0  0  513 -439 1  3  185 175 
2  9  134 -119 2  15  329 360 1  12 49 46 c  9  438 400 4  0  2  213 -205 1  4  55  -63  
2  10  99  -82  3  1  52  50 1  13 96 -108 0  10  743 -646 K L FO PC 0  4  635 662 1  5  162 175 
2  11  370 -341 2  2  144 136 1  14 151 161 0  12  349 341 0  0  71  -57  0  6  147 -142 1  6  190 194 
2  12 53 42 3  2  52  -57  1  15 212 -353 0  14  196 -225 0  2  283 -299 0  8  251 247 l  7  88  -87  
2  13  301 2P7 3  4  332 292 2  0  77 -87  1  0  607 640 3  4  39  40  0  10 83  - 0 3  1 8  76  70  
2  14  61  60  358 305 2  1 455 -537 1  1  467 -521 0  6  530 536 0  12  246 -213 l  9  336 -345 
2  15 4A0 4=1 3  6  549 -520 2  2  79  6 2  1 2  4A 40  0  6  111 105 1  0  253 -231 1  10 259 -266 
4  0  768 - 8 6 6  3 7  257 253 2  3  333 342 l  3  324 -342 0  10  536 - 4 9 9  l  215 217 2  0 8 9  -00  
4  1  197 220 3  6  49  41  2  4  79 9 0  1 4  338 -349 0  12 113 - 9 9  1 2 245 240 2  279 -273 
4  2  21"  3 7 1  •  9  69  - 6 7  2  5 1 5 3  151 l  5 I C I  95 0  1 4  1 1 2  109 1  3 93  -96  2  3  2 7 0  -2  76 
4  3  143 1 4 2  3 10  3C7 325 2  6 59 -50  1  6  143 -141 l  1  42 -20  ï  4 96  -90  2  7 181 179 
4  4  74  69  3  12  70  69  2  9  601 -565 1  7  193 177 1  2  101 135 1  5  63  -5"  2  9 144 143 
4  5  92  -OQ 3  12  144 157 2  10 112 104 1  9  6 0  53 1  3  53  -49  1  6  50  3 0  3 0  167 174 
4  6  333 319 3  14  162 -173 2  11 449 485 1  1 0  50 38  1  4  152 155 1  6  149 -147 3  1  180 177 
4  B  279 -242 4  C 256 -275 2  12  3A -26  1  11 310 285 1  5  393 -390 1  9  201 202 3  2  173 -180 
4  10  427 390 4  1  78  98 2  13 94 -102 1  12 335 331 1  6  263 -236 1  1 0  302 265 3  3  127 -119 
4  11  157 -153 4  2  60  -63  3  0  378 419 1  13  249 -272 1  7 339 336 1  11  IQ6 -1  96 3  4  56 -49  
4  12  579 -S51 4  2  109 103 3  2  241 276 2  0  47 35  1  Q 226 20 9  1  12 147 -145 3  5  42  -29  
4  4  101 67 3  3  255 261 2  1  12R 13A 1  10 216 200 2  0  273 -247 3  6  287 307 
4  5  127 103 3  4  467 -452 2  2  39  26 1  11  6R -90  2  1 573 -563 
H m 1  4  6  411 379 3  5  141 -139 2  3  35  -27  1  12 72  70 2  3 214 -234 H «  7  
K L F :  < = C  4 7 153 -142 3  6  81  -72  2  S  262 -262 1  13  215 -201 2  4 101 105 K L PO F C  
0  0  367 364 4  9  99  -104 3  7  67  59  2  6  129 129 2  1 276 -303 2  6 47  52 0  0  211 198 
0  2  127 114 4  IC 167 -193 3  8  157 -139 2  7 192 1 & 8  2  3 109 120 2  7 2 2 0  2 2 ®  0  2  199 -156 
0  6  565 -490 4  12  195 -196 3  9 193 -169 2  9 212 193 2  5 613 -671 2  1 0  53 -51  0  4 172 -172 
0  10 220 2 2 0  5 C 60  -6?  3  10 276 279 2  11  190 -151 2  6 103 102 2  11 397 376 0  6  3 6 0  376 
: 6 3  5 1  78  -77  3  12  194 2 2 0  2  13 62 -56  2  7 592 622 3  0  2 = 2  - 2 0 0  1  0  ? 2 l  - 2 2 2  
0  14 76 -?3  5  4  149 -136 4  0  63  5 9  2  14 51 57  2  9  79 8 3  3  1 2 2  -135 l  2  117 -107 
0  16 64  -61  5  5  443 376 4  1  56 -62  3  0  552 571 2  10 65  -49  3  2  164 l  77  1  3  279 267 
l  1  51 49 5  6  122 103 4  4  28R -281 * 3  224 262 2  11 102 109 3  3  P8 85  1  4  79  75  
l  4  192 1 6 ?  5 7  276 -276 4  5  1 6 6  179 3  3  113 127 2  13  443 -443 3  4 41 -40  l  6  179 i ® r  
l  5  7C3 -579 71 -79  4  6  439 386 3  4 331 -336 3  54 51 3  A 159 -155 1  7  107 -111 
l  6  647 -6C9 4  7  122 -119 3  6 60 -51  3  2 105 113 3  9  120 - 1 2 6  122 -116 
1  7 449 440 4  64  -71  3  r  127 -122 3  3 39 -39  4  0  394 ?7?  ? 3  225 223 
9  245 259 H s  2  4 9  91 -A8 3  10 9A -93  3 5  203 219 4  l  14* -143 2  5 528 -592 
Figure 49. F^ and F^ for high pressure form of TagS 
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Figure 50. Projection of the structure of TagS obtained at 
high pressure on the xz plane 
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using the computer program ORFFE of Busing, Martin, and 
Levy (64). The bond distances for the TagS phase ob­
tained in this work are compared with those of Franzen and 
Smeggil (25) in Table 14. The uncertainties in the bond 
distances were calculated in the ORFFE program using the 
variance-covariance matrix of the ORFLS program and the un­
certainties in the lattice parameters from LCR2. The upper 
limits to the uncertainties in the work of Franzen and 
o 
Smeggil were estimated by the authors to be: 0.008 A (Ta-Ta), 
0.02 A (Ta-S), and 0.03 A (S-S). 
When the data of Table 14 is used, one finds that the 
o 
average Ta-Ta distance from the central Ta atom is 2.91 A. 
O 
The distance between the two central Ta atoms is 2.79 A. The 
central Ta atom is surrounded by 12 Ta atoms in a slightly 
distorted icosahedron whose average Ta-Ta distance on the 
O 
face of the antiprism is 3.16 A. All of these values are 
identical to those of Franzen and Smeggil (25). However, 
the bridging sulfur atoms have undergone a slight shift due 
to the high pressure application, so that the void is larger. 
The sulfur-tantalum nearest neighbor distance from Ta (1) to 
O O 
S (1) has decreased from a mean value of 2.4%/ A to 2.483 A 
and the Ta(4) to 8(2) distance from 2.474 A to 2.447 A. 
Since these values lie very close to the statistical un­
certainties in the bond distances a statistical hypothesis 
test was made on these differences using a t distribution. 
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Table 14. Bond distances for TagS prepared at high pressure 
compared to the atmospheric pressure data of 
Franzen and Smeggil (25) 
Reference 
Atom Neighbor 
Number of 
Neighbors Distance^ 
ih  
DisÇance^ 
Ta(l) S(2) 1 2.403 2.412(11) 
S(l) 1 2.497 2.483(4) 
S(l) 2.604 2.579(12) 
Ta (3) 1 2.840 2.851(2) 
Ta (3) 1 2.942 2.943(2) 
Ta (2) 1 2.975 2.964(2) 
Ta (4) 1 3.079 3.086(2) 
Ta(l) 3.131 3.127(2) 
Ta(l) 1 3.169 3.164(4) 
Ta<2) 1 3.255 3.255(2) 
Ta (2) 1 3.267 3.255(2) 
Ta(2) S(2) 1 2.475 2.453(11) 
S(2) 1 2.534 2.535(10) 
S(l) 1 2.587 2.591(5) 
Ta (3) 1 2.897 2.895(3) 
Ta(2) 1 2.910 2.918(3) 
Ta (3) 1 2.923 2.910(3) 
Ta(l) 1 2.975 2.964(2) 
Ta(4) 1 3.051 3.065(3) 
Ta (4) 1 3.085 3.083(3) 
Ta(l) 1 3.255 3.255(2) 
Ta(l) 1 3.267 3.255(2) 
Ta(4) 1 3.284 3.288 (3) 
Ta(3) Ta{3) 2 2.790 2.786(1) 
Ta(l) 2 2.840 2.851(2) 
Ta(2) 2 2.897 2.895(3) 
Ta (4) 1 2.908 2.925(3) 
Ta(2) 2 2.923 2.910(3) 
Ta(l) 2 2.942 2.943(2) 
Ta(4) 1 2.995 2.976(4) 
Ta (4) S(2) 2 2.474 2.447(10) 
Ta (3) 1 2.908 2.925(3) 
Ta (3) 1 2.995 2.976(4) 
^Bond distances from reference 25. 
^Bond distances from this work. 
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Table 14 (Continued) 
Reference 
Atom Neighbor 
Number of 
Neighbors 
Distance® 
0 
(A) 
Distance^ 
0 
(A) 
Ta(4) (Cont.) Ta(2) 2 3.051 3.065(3) 
Tad) 2 3.079 3.086(2) 
Ta (2) 2 3.085 3.083(3) 
Ta (2) 2 3.284 3.288(3) 
S(l) Tad) 2 2.497 2.483(4) 
Ta (2) 2 2.587 2.491(5) 
Tad) 2 2.604 2.579(12) 
S(2) Tad) 1 2.403 2.412(li) 
Ta (4) 1 2.474 2.447(10) 
Ta (2) 1 2.475 2.453(11) 
Ta (2) 1 2.534 2.535(10) 
The value of t=X^-X2/Sp/l/N^+l/N2 ' where and are the means 
of the two bond distances being compared, and Ng number of 
sample observations, and = [(N^-l)S^^ + (0^-1)82^]/ 
(N^+Ng-Z). The 99.5% confidence level was chosen so that 
if t > 2.977, there is a 0.995 probability that the means 
are different. For the Ta(l)-S(l) distance t was 3.11 and 
for the Ta(4)-S(2) distance t was 3.42 so that both of the 
differences are statistically significant. 
The results of this study would seem to support the 
contention of Pranzen and Smeggil (27) that the void is not 
really a void at all, but is filled by the nonbonding 
orbitals of S. It is postulated (65) that in the Ta-S metal 
2 3 X J.011 s^acciu pwaocsacs a a p «a vaxcxiuc acouc aiua uxiou 
these orbitals are in trigonal prismatic coordination. In 
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the case of TagS S(l) is bonded to six Ta atoms (see Figure 
50)f while S(2) is bonded to three Ta atoms on the face 
of the Ta atom icosahedron and to one other Ta atom at the 
corner of another icosahedron. Two of the valence orbitals 
still remain and these are viewed as nonbonding orbitals. 
One would expect that as the pressure is increased, the 
repulsion between the electrons leads to a redistribution of 
the sulfur atoms while leaving the Ta atoms unchanged. 
According to reference (65), the Ta atoms are believed to exist 
in a d^s or d^sp valence state in which the d^ portion of the 
valence state interacts to form the bonding orbitals. Since 
the major portion of the bonding is between Ta atoms and not 
from Ta to S atoms, it would be expected that the Ta atoms 
would be least affected by the high pressure state. 
When the Ta-S nearest neighbor distances are examined, 
it is found that for S(l) the distance has decreased by 
O O 
0.014 A while for S(2) it has decreased by 0.027 A. The average 
Ta-Ta distances have not changed. This could be expected if 
the S(2) orbitals are the only nonbonding ones involved. 
Metal-tellurium system 
Attempts at synthesis of the MgTe systems were made 
for titanium, niobium, hafnium, and tantalum. The same 
tantalum metal was used as that in the study of the tantalum-
sulfur system. The titanium was obtained from Chicago 
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Development Corporation as 99.995% titanium. The hafnium 
metal is 99.97% "low zirconium" and the niobium is 99.99% 
pure. Both the niobium and hafnium were processed at the 
Ames Laboratory-USAEC. A spectrographic analysis of the 
niobium and hafnium is presented in Table 15 in parts per 
million (ppm) by weight. The tellurium was acquired from 
Alfa Inorganics Inc. as a 99.5% powder. 
The titanium and hafnium metal were in bar form so it 
was necessary to file the metal off the bar with a flat 
bastard file. A plastic glove bag was filled with argon and 
the metal bar was filed under this inert atmosphere. The 
file was soaked in dilute HCl and rinsed with ethanol prior 
to use. A strong magnet was placed in the glove bag and 
passed over the filings to remove any iron which might 
have chipped off the file. 
The samples were loaded into a BN cell in the ratio 2M:Te 
with approximately 5-10% excess tellurium and reacted at 
~1500 ®C for 15-30 minutes. The pressure was raised to 10, 
20, or 30 Kb so that the stability of the phases might be 
studied. Tellurium is very poisonous so surgical gloves 
were used when handling the powder. Baker (66). reported 
that the vapor pressure at 1507 ®C is 21.0 b. Since all 
pressures were in excess of 10 Kb, it was felt there was 
little danger of tellurium vapor escaping from the sample 
cell. As a precautionary step, the sample was held at 1000 ®C 
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Table 15 . Spectrographic analysis of impurities in Nb and Hf 
metals 
Impurity Nb Hf 
0 905 <12 
N - <12 
Fe - <150 
Mg - <10 
Si - <10 
Zr — <130 
C - <30 
Ta <150 -
Ti <100 -
W <500 -
Fe <100 — 
for 10-15 minutes prior to raising it to 1500 ®C. In this 
manner, the monotelluride would form, and if a metal rich 
phase forms, it will proceed via a metal-monotelluride reac­
tion and not in the gaseous state. 
Titanium-tellurium system 
The reactions at 10, 20, and 30 Kb resulted in the 
same product from each run. The powdered diffraction film 
data is listed in Table 16. When it was compared to data 
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Table 16. X-ray diffraction data for Ti-Te system formed 
from stoichiometric mixture of 2Ti+Te at 10 Kb and 
1500 "C 
2 5 
Line Number Intensity 0 sin 0 x 10 
1 m 13.78 5676 
2 vs 15.23 6901 
3 m 17.07 8619 
4 s 18.33 9888 
5 m 19.54 11180 
6 vs 21.29 13180 
7 s 22.23 14310 
8 w 25.33 18300 
9 s 20.86 26310 
10 m 37.01 36230 
11 w 38.96 39530 
12 w 39.33 40160 
13 w 44.24 48680 
for TigTe (67),no similarity was found. A microprobe 
mount was prepared and photomicrographs of the sample were 
obtained. These are displayed in Figure 51. There appears 
to be two phases, one due to the white specks and the other to 
the matrix surrounding these specks. A subsequent micro-
probe analysis indicated that the white specks were a 
titanium-aluminum alloy. Evidently the alumina ceramic had 
Figure 51. Photomicrographs of Ti-Te system formed at 10 Kb and 1500 ®C ((a) X75 
and (b) X400) 
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diffused to and reacted with the sample. There was a wide 
range of composition in the alloy. The matrix consisted of 
only titanium and tellurium. The atomic per cent of tellurium 
varied between 40.85 and 51.98, indicating a mean composition 
of TiTe or Ti^Te^. The data of Table 16 were compared with 
the ASTM powder data file (68), for Ti^Te^, TiTe, Ti2_j^Te 
(monoclinic), and TiTeg. A computer program called XRAY was 
2 
written which calculated the value of sin 6 for any given 
lattice parameter. The value of sin6 was obtained from 
Bragg*s law in terms of the lattice parameters in reciprocal 
space. Bragg's law in this form is given by: 
= l/2(h^a*^+k^b*^+l^c*^+2hka*b*cosY* 
1/2 4.18 
+ 2hla*c*cos3*+2klb*c*cosa*) , 
where 
O 
X = wavelength in A, 
9 = Bragg angle, 
and 
h,k,l = Miller indices. 
The value of the remaining parameters are expressed in terms 
of the lattice parameters a,b,c,a,B, and y by: 
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2 2 2 1/2 V = abc(l-cos a-cos g-cos y+Zcosa cosg cosy) 
a« = bo sina/V coso* = 
b* = ac si„6/v cos$. = 
c. = absi„.A =osa.=22™M . 
The lattice parameters from Table 1 were used to generate 
2 
sin 9 values for TigTe^, Tig.^Te (hexagonal), and Ti^Te^. 
The data of Table 18 was similar only to TiTe thus elimi­
nating TigTe^ from further consideration. 
Based on the microprobe analysis and X-ray diffraction 
powder data, it appears that no new phase was synthesized up 
to 30 Kb which remained metastable at room temperature and 
pressure. The identification of the phase formed as TiTe 
must be regarded as only tentative since a microprobe scan 
indicated considerable variances from this value in certain 
areas. It is believed that this is probably due to the 
Ti-Al alloy forming a solid solution with Ti. 
Niobium-tellurium system As in the case of the Ti­
Te system, only a single product resulted from each run at 
10, 20, and 30 Kb. The powder diffraction data is listed in 
Table 17. Table 17 displayed no similarity to NbgSe (NbgS 
no*!" ovi id-\ nf iro'Fovonr'o A m-îv.va o 
prepared and the photomicrographs of Figure 52 were obtained 
areas) formed at 10 Kb and 
(gray areas) surrounded by Nb-Al alloy (white 
1500 ®C ((a) X75 and (b) X400) 
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Table 17. X-ray diffraction data for Nb-Te system formed 
from stoichiometric mixture of 2Nb+Te at 10 Kb 
and 1500 ®C 
Line Number Intensity 9 sin^e X 10^ 
1 s 6.089 1125 
2 w 6.599 1321 
3 m 12.25 4501 
4 w 13.74 5640 
5 vs 15.48 7126 
6 w 16.89 8440 
7 w 17.47 9016 
8 vs 17.85 9394 
9 w 18.15 9706 
10 m 18.59 10160 
11 s 19.00 10610 
12 s 19.65 11300 
13 w 19.97 11660 
14 w 20.41 12160 
15 s 21.91 13920 
16 m 24.57 17290 
17 m 25.43 18440 
18 w 26.00 19220 
19 vw 27.47 21280 
20 w 30.25 25380 
21 w 31.62 27490 
22 w 32.03 28130 
23 w 33.20 29990 
24 m 34.41 31940 
25 m 35.85 34290 
26 w 36.26 34980 
27 vw 37.00 36210 
28 vw 42.47 45590 
165 
Two phases appear to be present. One of the phases is the 
white areas surrounded in the matrix of the other phase. 
The dark areas indicate the presence of voids on the sample 
surface. Evidently this system is not as hard and brittle 
as the Ti-Te system since several regions in the sample 
are voids. A microprobe scan of sample verified the 
presence of only two phases. A Nb-Al alloy was formed and 
ranged in composition from 11.30 to 17.95 atomic weight per 
cent of aluminum. The alloy corresponded to the white areas. 
The matrix consisted of a Nb-Te compound with an average 
atomic per cent Te value of 46.0. This value was rather 
constant varying only between 45.24 and 46.75. This indi­
cates an inhomogeneous stoichiometry of Nb^Te^. When Table 
17 was compared with the ASTM powder data file (68) for 
NbgTe^, NbTe^, Nb^Te^, and NbTeg good agreement was obtained 
for NbgTe^. The program XRAY used the lattice parameter 
2 from Table 1 to generate sin 6 values for NbTe and NbTey 
but no match was found. 
These results indicate that NbgTe was not formed at 
pressures up to 30 Kb in a metastable form. The result of 
the reaction of 2Nb+Te at high pressures was a Nb-Al alloy 
due to contamination from alumina (AlgO^) and Nb^Te^. 
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Hafnium-tellurium system All reactions at 10, 20, and 
30 Kb resulted in a single product. When unloading the sample 
cell it was observed that this system is very flaky and 
crumbles quite easily compared to the other telluride samples. 
The X-ray powder data of Table 18 was compared to that of 
reference 67 for HfgS but no similarities were detected. A 
microprobe mount of this sample was used to obtain the photo­
micrographs of Figure 53. There appears to be two phases 
similar to all the telluride systems studied in this re­
search. The white spots were identified as one of the phases 
and the matrix comprised the other phase. The microprobe 
analysis was inconclusive as to the exact stoichiometry of the 
matrix. It was a mixture of Te, Al, and Hf. The white spots 
proved to be pure aluminum metal. The X-ray data of Table 
18 were compared to the sin 6 values generated from XRAY 
using lattice parameters from Table 1 for HfTe^ and HfgTe^, 
2 but there were no common values of sin 6. 
The hafnium-tellurium system formed a ternary system of 
A1 (from alumina) , Hf, and Te. The mean chemical composition 
based on 34 analyses was 20.45 weight per cent Te, 54.90 
weight per cent Hf, and 24.64 weight per cent aluminum. 
Tantalum-tellurium system The reactions of 2Ta+Te 
resulted in a product with an extremely complicated powder 
pattern. The powder pattern for the Ta-Te system is listed in 
(a) (b) 
Figuro 53. Photomicrographs of Hf-Te system formed at 20 Kb and 1500 *C 
((a) X75 and (b) X450) 
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Table 18. X-ray diffraction data for Hf-Te system formed 
from stoichiometric mixture of 2Hf+Te at 20 Kb 
and 1500 °C 
Line Number Intensity 0 sin^e X 10^ 
1 
2 
3 
4 
5' 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
m 
w 
vw 
vs 
s 
vw 
w 
vw 
vw 
m 
s 
vw 
vw 
vw 
s 
w 
vw 
m 
w 
4.904 
9.902 
16.43 
17.17 
17.46 
17.91 
19.98 
20.61 
21.06 
21.51 
24.68 
25.48 
26.13 
26.83 
30.93 
33.75 
35.67 
36.19 
41.40 
731 
2957 
7998 
8718 
9002 
9460 
11680 
12390 
12920 
13450 
17430 
18500 
19400 
20370 
26420 
30860 
34010 
34870 
43730 
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Table 19. Comparison of this pattern with that of reference 
67 verified that there was no similarity of this Ta-Te com­
pound to either TagS or Ta^S. It was observed that the powder 
patterns contained data from pure Ta and that the amount of 
Ta increased with pressure, indicating decreasing tendency 
of the products of this reaction to form with increasing 
pressure. A microrpobe mount was prepared to further analyze 
this system. Photomicrographs of this mount are shown in 
Figure 54. There appear to be four phases present. A large 
white area comprises one of the phases while two of the 
gray areas were identified as one of the other phases. The 
third gray area appears to contain two phases, a dark matrix 
encloses some dendrite shaped crystals. This two phase 
portion of the system is shown more clearly in Figure 54 (b). 
Microprobe analysis of the sample indicated that the single 
component white phase actually was a Ta-Al alloy. The single 
component gray phase was analyzed as consisting almost entirely 
of alumina with a small afflfount of Ta (~6 atomic per cent). 
What was visually identified as a two component phase could 
be resolved only as a ternary system of Ta, Al, and Te. When 
Table 19 was compared with the ASTM X-ray powder data file 
(68) for TaTe^ and TagTe^ no similarities were observed. 
2 The program XRAY generated sin 0 values for TaTe and TaTe^ 
from Tabic 1. Several cf the lines agreed with Lhosê of 
TaTe although there appeared to be a second phase present. 
- ••• 
Figure 54. 
(a) (b) 
Photomicrographs of Ta-Te system formed at 10 Kb and 1500 ®C 
((a) X75 and (b) X450) 
o 
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Table 19. X-ray diffraction data for Ta-Te formed from 
stoichiometric mixture of 2Ta+Te at 10 Kb and 
1500 ®C 
2 5 
Line Number Intensity 0 sin 0 x 10 
1 m 6.249 1185 
2 m 6.535 1295 
3 w 6.759 1385 
4 w 10.21 3143 
5 m 11.40 3909 
6 vw 13.05 5101 
7 m 13.76 5658 
8 s 14.17 5991 
9 s 14.54 6300 
10 m 15.34 7000 
11 w 15.55 7185 
12 m 15.66 7286 
13 w 16.33 7906 
14 m 16.71 8263 
15 w 16.95 8496 
16 vs 17.15 8695 
17 s 17.25 8797 
18 vs 17.58 9122 
19 w 17.67 9209 
20 vs 17.83 9380 
21 w 17.94 9485 
22 w 18.08 9632 
23 s 18.38 9944 
24 w 19.11 10720 
25 vs 20.49 12250 
26 w 20.59 12360 
27 s 20.71 12510 
s 2 C • S C *I iff 1 A 
29 w 20.90 12730 
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Table 19 (Continued) 
Number Intensity 8 sin^e X 10 
30 m 21.46 13380 
31 w 21.94 13960 
32 vw 22.96 15220 
33 w 23.44 15830 
34 s 25.08 17970 
35 w 25.21 18140 
36 m 25.54 18590 
37 m 25.66 18750 
38 vw 25.71 18820 
39 m 29.22 23830 
40 s 30.03 25040 
41 w 30.15 25230 
42 w 30.35 25520 
43 w 30.93 26420 
44 w 31.09 26670 
45 w 31.68 27570 
46 vw 31.98 28050 
47 vw 32.20 28400 
48 vw 32.47 28820 
49 m 33.31 30160 
50 s 33.95 31190 
51 w 34.11 31450 
52 s 35.91 34400 
53 m 36.09 34690 
54 m 36.37 35170 
55 s 37.14 36450 
56 w 37.39 36880 
57 w 37.79 37550 
58 w 39.60 40640 
59 vw 40.35 41920 
60 vw 40.67 42480 
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Table 19 (Continued) 
Line Number Intensity 0 sin?8 X 10^ 
61 vw 41.09 43200 
62 w 41.66 44180 
63 w 41.91 44620 
64 vw 42.24 45190 
65 w 42.64 45880 
66 w 44.69 49470 
67 w 45.26 50460 
The X-ray diffraction data indicate the presence of TaTe 
along with one or more phases which were not alumina. The 
microprobe results however contradict this since only 
alumina and a Ta-Al-Te ternary system was found. The reason 
for this could be that the sample used for the probe mount 
was really a piece of the sample cell and ceramic alumina 
disc. The increased amounts of Ta at increasing pressure 
suggest that the pressure is adversely affecting the reaction 
rate for one of the phases. In any case the tantalum-tellurium 
system needs to be investigated more thoroughly. 
In summary, the telluride series of Ti, Nb, Hf, and Ta 
in the stoichiometric ratio of 2M+Te resulted in TiTe, an 
alloy of Ti and Al, Nb^Te^, an alloy of Nb and Al, a ternary 
mixture of Hf, Al, and Te, TaTe, and a ternary system of 
Ta, Al, and Te. Neither the alloy compositions nor the ternary 
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systems were indicated in any of the powder patterns so that 
it appears as if the probe mounts consisted of the cell parts 
in contact with alumina. All of the telluride samples were 
very polycrystalline and crumbled quite easily when the 
sample was separated from the sample cell. The powder pat­
terns indicated that the compounds formed had stoichiometries 
close to a 1:1 ratio. When one compares these compounds to 
those of Table 1, it is obvious that all of these structures 
have been previously reported and that the MgTe bonding type 
did not occur in a metastable state from reaction up to 30 
Kb at 1500 ®C. " — ^ 
Slater (69) has proposed a covalent description of the 
bonding in solids to describe the essentially "ionic" charac­
ter, the bond distances, and coordination symmetry. The 
radius of the atoms involved are assigned certain radii, the 
Slater radii, to describe the above effects. 
In columns 1 and 2 of Table 20 the ratio of chalcogen to 
metal Slater radii are shown for the known MgS and MgSe series 
of Ti, Nb, Hf, and Ta. These values can be compared to those 
of the hypothetical telluride series, MgTe in column 3. The 
large differences in these ratios could in part explain why 
the MgTe was not formed up to 30 Kb. However, it might be 
possible by extending the temperature and/or pressure range 
above 30 Kb and 1500 ®C to alter the Slater radii of and hence 
lower the ratio to a value compatible with the sulfides and 
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Table 20. Chalcogen to metal ratio of Slater radii for the 
MgS, MgSe, and MgTe bonding types of Ti, Nb, Hf 
and Ta 
Metal Sulfide Selenide Telluride 
Ti 0.71 0.82 1.00 
Nb - 0.79 0.97 
Hf 0.65 0.74 0.90 
Ta 0.69 - 0.97 
selenides, and in this manner form a metastable metal rich 
MgTe type of telluride. 
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CHAPTER V. CONCLUSIONS 
The piston-cylinder device resulted in sample pressures 
up to 43 (+3) Kb at a load pressure of 48 Kb. This repre­
sents the upper limit to the pressure since fracture of the 
1/2 inch O.D. tungsten carbide piston will take place above 
this pressure. The temperature range was investigated up to 
1600 ®C using a W-3%Re/W-25%Re or Pt/Pt-10%Rh thermocouple. 
This range could probably be extended beyond 2000 °C, but the 
life of the tungsten carbide core would be shortened. The 
core used in this work is still functional after 20 room . 
temperature test runs and 50 high temperature runs. Several 
axial cracks have occurred, but the lead foil has filled 
many of the smaller fissures. A few pieces of the core have 
been chipped out also, and it is expected that these areas 
will lead to eventual failurê of the core. The top and 
bottom of the core are still in good condition. The tempera­
ture controller was able to control the temperature to 
within +1 ®C of the set point. The W-3%Re/W-25%Re thermo­
couple is more stable than the Pt/Pt-10%Rh thermocouple above 
1450 ®C. 
The metal rich system of tantalum and sulfur was studied 
at 30 Kb and 1350-1600 ®C. Both stoichiometric mixtures and 
the compound TagS synthesized using high temperature annealing 
techniques were used as the reactants. The previously 
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reported phase Ta^S was found below approximately 1450 ®C 
while above 1450 ®C the previously unreported phases Ta^Sg, 
Ta^S, and Ta^S were found. These stoichiometries are only 
approximate since they are based on an electron microprobe 
analysis. Attempts of single crystal studies of these 
phases proved to be unsuccessful. 
A single crystal X-ray diffraction study of TagS formed 
at 29 Kb and 1600 ®C indicated that the structure was 
basically the same as that of the previously reported atmos­
pheric pressure form of TagS. The basic difference in the 
two is that the sulfur bridging atoms in the high pressure 
form of TagS have shifted slightly so that the "void" areas 
in this structure have increased. This is believed to be 
due to the fact that the "void" areas consist of nonbonding 
sulfur orbitals. the application of high pressure led to 
increased repulsion between these orbitals and a resultant 
increase of these- "voids" at room pressure and temperature. 
Experimental runs on the synthesis of titanium, niobium, 
hafnium and tantalum rich tellurides of the form MgTe at 10, 
20 or 30 Kb and 1500 °C were not successful. Every run re­
sulted in previously known structures. This is probably 
due to the fact that the ratio of the Slater radii of tellurium 
to the metal was too high as compared to the other MgX types 
of sulfur and selenium. 
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CHAPTER VI. SUGGESTIONS FOR FUTURE WORK 
The failure to grow crystals of sufficient size at high 
pressure and temperature prevented a more complete descrip­
tion of the compounds with the approximate stoichiometries 
Ta^Sg, Ta^S, and Ta^S. A possible solution to this problem 
might be to lengthen the BN sample cell so that the reaction 
proceeds in a much steeper thermal gradient. Thermal gradients 
are known to produce good crystal growth. 
Since the compression of the "voids" in TagS resulted 
in the formation of what is believed to be Ta^S, Ta^S^, and 
Ta^S, a study of NbgSe is in order. NbgSe has been found by 
Conard et ^1. (110) to possess "voids" similar to those of 
TagS. The compounds Nb^Se, Nb^Se^ and Nb^Se might also exist 
at high pressures, based on the results of this study. 
Although it proved to be impossible to synthesize the 
MgTe compounds of titanium, niobium, hafnium, and tantalum, 
the rare earths Ce and Th might possess Slater radii of suf­
ficient size to lower the chalcogen to metal ratio to a 
value favorable for synthesis of CegTe and ThgTe. The other 
rare earths can be ruled out on the basis of their valences 
when compared with the transition metals Ti, Nb, Hf, and Ta. 
These transition metals have a valence of 4 while the rare 
earths excluding Ce and Th have a valence of 3. Ce and Th 
alone have a valence of 4. 
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